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Preface to the Fourth Edition 


The first three editions and subsequent reprinted editions 
of this book have been used by my fellow teachers and 
students of class XI. The experience gained in this way has 


. Suggested certain improvements and corrections which have been 


included in this edition. In some instances, the new material is 
intended to cope with questions frequently raised by the students. 
Other additions have been necessary to bring the subject upto date. 


In this edition I have added a set of questions taken. from 
recent Senior School Certificate Examinations (All-India and Delhi 
Scheme) conducted by the Central Board of Secondary Education, 
New Delhi. 


I would like to pay my tribute to the work done by my own 
students. They have been a fertile source of idéas of which many 
are included in this edition 


I am also thankful to several of my friends and fellow teachers 
from Public Schools, Central Schools, Government and Aided 
Schools for their valuable suggestions and criticisms for the book. 
Report about any shortcomings and suggestions for the improvement 
of the book are always welcome. 


My special appreciation and thanks are to the publishers 
M/S PITAMBAR PUBLISHING COMPANY for bringing out the 
book in the present nice form. 


K.K. MOHINDROO . 


PREFACE 


For the last few years there has been a growing awareness in 
the country that if our students are to be given useful knowledge 
‘of contemporary Physics, a fresh-approach has to be made to cope 
with the exponential growth of the subject. The Boards of Educa: 
tion of various states and union territories in India -have, introduced 
new and advanced courses in Physics in the Senior Secondary School 
eusricula. which would cultivate scientific temper and scientific 
thinking. It is with this aim in view that the present book, ‘Basic 
Concepts of Physics’ intended to be a course in Physics for the 
academic stream of the 10+2 pattern of education, has been written. 
The book has been written after long and direct contact of over 20 
years with the students of Physics, { hud the privilege to come 
across the actual problems confronting students. A sincere and 
strenuous effort has been put in. 


The present belief is to convey to the student from the very 
beginning the basic concepts of Physics so that the ‘student. develops 
confidence to follow advanced courses in Science and Technology and 
is enabled to make a smooth transition from the school level courses 
to the graduate courscs. The main emphasis in the book is. 
therefore, on the basic concepts. 


The two problems, the heterogeneous background of. students 
and the limited time available to the teacher, have inspired the 
writing of this text and it is believed that the Presentation will 
materially aid the teacher in coping with these difficulties. In order 
to reduce the text to manageable size, considerable soul searching 
was required, My guiding principles in this respect were the 
following : 


1, The students are of normal intelligence and background, 


2. Students taking such a course as this require a firm work- 
ing grasp of the basic principles of Physics. 


We cannot teach all Secondary School general science in a 
course at this level. Therefore, we must restrict the course, in 
essential body at least to the major principles of Physics and their 
moré important applications. You will see that enough material of 
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practical importance is there to maintain student interest. In fact, 
since this is the terminal course in Physics for some of the students, 
a special effort has been made to prepare the student for the practical 
application of the principles of Physics. 


For convenience, the book is split into two volumes divided 
into units in order to adequately cover all the units prescribed in 
the latest syllabus of Central Board of Secondary Education, 
New Delhi. 


Within each unit there are several other elements which serve 
both pedagogical and motivational purposes. All definitions within 
the text appear in bold face. To engage the student’s attention, 
there will occasionally be highlighted sentences. Every unit also 
contains many worked out examples of problems with all steps © 
shown to help students master problem-solving techniques. A sum- 
mary with each important concept numbered is included in each 
unit. Good thought-provoking Questions and Problems are essential 
in this course, and so concluding each unit is a set of questions about 
the concepts covered in the text, followed by an extensive set of 
problems, It is my firm belief that a course at this level should not 
bea memory course. Although some of the simpler problems are of 
ordinary drill variety, the majority require a good understanding of 
principles for their solution. The working of many problems is 
essential to a true mastery of the subject. In my opinion, the better 
student should work nearly all the problems in the text. Questions 
and problems have been framed which would keep student's mind 
always active—an approach which is quite averse to the traditional 
one. 


In the effort to minimize confusion over units, MKS and SI 
system is used throughout the text. However, because the c.g.s. 
system remains in use by many groups including scientists and 
engineers, it is used occasionally in examples and problems. 


The symbols used in the book have been selected mainly in 
conformity with the recommendations of N.C.E.R.T. 

The other special features of this book are : 

(i) Language is simple and lucid. 

(ii) Diagrams drawn are clear, neat, well-illustrated and 
accurate. : 


(iii) Mathematical derivations have been made logical and easily 
understandable. ; 


(vi) 


(iv) Use of vectors, differentiation and integration has been 
pteferred throughout the text as required by the C.B.S.E. 


(vy) The style of the book and the quality of content is such 
that it would lead the student to better understanding and he would 
gain self-confidence and would abhor hankering after cheap books 
which give memory course only, The students would be able to 
face the examinations with confidence. 


(vi) Greater emphasis has been laid on basic concepts. 


(vii) The book will help the students to be more independent 
and self-sufficient. It will increase the student’s ability and willing- 
ness to inquire for themselves. Above all, it will increase the interest 
in and enjoyment of Physics. 


The aim of the book is, however, not to replace the teacher. 
The teacher in the class room can always train a young pupil on 
Proper lines ; the present book is to serve as an aid for this purpose. 


Iam thankful to several of my colleagues, friends and students 
(former and present) for their valuable suggestions, criticism and 
help in the preparation of this book. I shall feel greatly obliged to 
those readers who will bring to my notice the errors and short- 
comings of the book and forward to me their suggestions for its 
improvement. 


—AUTHOR 
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UNIT I 
MEASUREMENT 


11 LENGTH AND TIME : 


_ Scientific investigation and study springs trom a desire to 
discover and to understand the working of the world and of the 
heavenly bodies comprising the universe. F 


Complete understanding is the ultimate goal but this seems to 
be farther away with each forward step we take. Man always 
regards the unknown as a challenge—an unquenchable thi.st for 
knowledge seems to be an essential part of his character. 


The scientist takes part in this quest for knowledge which — 
has been going on from early times and which is now being 


pursued at an ever increasing tempo with its consequent greater 
and greater effect upon the entire populace of the world. No 
matter whether or not science is to our Vocation, it will neverthe- 
less, exert a dominating influence upon our lives, and for this 
reason alone we should at least know its language and its 
limitations. We should be able to appreciate the modern trends 
and should try to understand, as far as possible, just where Science 
is leading us. 


The phenomena of interest to scientists cover an enormous 
range of magnitude from atomic sizes to the scale of the universe, 
and from tiny fractions of a second to thousands of millions of 
years. 


Scientists of the seventeenth century were particularly 
interested in astronomy, and it is therefore easy to understand why 
some of them regarded the universe as a collection of isolated. 
bodies separated by vast regions of empty space. The Ges ea 
of the sky on a clear night illustrates this (Fig. 1.1). The stars 
are points of light whose diameters are clearly very much smaller 
than the distances between them and most of the space in the sky 
appears to be empty. ~The distance from the sun to the nearest 
star, Alpha Centauri, is about thirty million times. the diameter of 


‘the sun ! 


rs es 


» 


12 


Newtoa was not aware of this fact, since the first measure- 
ment of the distance of a star was not made until the year 1838, 
but he was aware of the distances involved in the Solar System. 


We have learnt in earlier classes about the solar system, of 
which our planet Earth isa member. The radius of the earth is 
6.4x108m and its natural satellite, the moon, is at a distance 
3.85 108m from the earth. The average distance from the earth 
to the sun, about 149 108 kmor 1°49 10" m is one of the impor 


tant measuring units used by astronomers as the Astronomical Unit 


(AU). In terms of this Unit, the average distance from the sun to 
the planet Pluto is close to 4i) astronomical units or about 
5900 x 108 kmor 5°9x 1038 m. 


The great distances between the members of our solar system, 
however, are dwarfed by both. the enormous size of Milky Way, 
the galaxy of which our selar system is a rather insignificant part, 

and by the vast expanse of the Universe. Even the astronomical 


(Fig, |-0) A portion of the night sky, “Isolated 
bodies separated by vast regions of empty space.”” 
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unit is not satisfactory, and consequently, a still larger unit of 
distance was formulated-the light year. A light year is the distance 
travelled by light in one year, about 9.5 x.10!2 km.(9°5 x 10% mm), 


Some idea of the size of the Milky Way may be grasped from 
its dimensions. It is estimated that the diameter of our galaxy is 
105 light years and that it is some 1500 light years thick. Our sun 
is about 3x 104 light years from the centre of the Milky Way and 
travels around the galactic centre in about 2 x 108 years. 


A galaxy.is a group of stars. There are many billions of 
Stars in our galaxy. The distance between one galaxy and a 
neighbouring galaxy varies from a few tenth to several million 
light years, The galaxies are found to be receding from the earth - 
at speeds increasing with their distances from the earth. Assuming . 
that the limiting seed of these galaxies is the same as the speed of 
light, the theoretical limit’ of the size of the universe is 10 billion 
light years. 


At the other extreme, we now know, that all objects—the air _ 
the rocks ; the oceans ; and the myriad forms of complicated living 
organisms that teem over the surface of the earth—can be 
visualized as sufficiently complicated structure built out of atoms, 
and that the atom itself is a structure composed of the three. 
fundamental particles, electrons; protons. and neutrons. 
protons and neutrons are packed tightly together into the nucleus, 
which occupies a region of diameter of about 10714'm at the centre 
of the atom. The electron has a diameter of about 10715 m and is 
about 16710 m from the nucleus. The atom is, therefore, 10,000 
times larger than the nucleus and about 100,000 times larger than 
the electron. The radius of a hydrogen atom is 5x 10-11 m while’ 
the effective radius of a proton is 1.2x 105 m. Thus we find that 
on the atomic and sub-atomic scale, the distances are very very 
minute. 


The recurrence of the day and: night and the-seasons gave 
an idea of the passage of time. There is a clock built in the 
human system. The heart goes on beating from birth to death. 
The pulse was used for measuring short time intervals. From the 
position of the sun and the heavenly bodies above the sky, 
man used to fix the time of the day and night, respectively. 


12 MEASUREMENT : 


“The above method of describing the umiverse involves: 
two basic types of measurement—measurement of length and 
measurement of time. 


Length : 
The related ideas of length, distance and space arise from 
man’s need to move from one place to another. The word space 
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describes the extension of our environment, the fact that it is 
possible to moye physically and conceptually from one region to 
another. Distance implies a measurement of space ; when we talk of 
a short distance or a long distance, we make a relative judgement 
of the effect of moving or of what is involved in moving from one 
point in space to another. The idea of length is an-elaboration of the 
idea of distance, i.e. it is simply an interval of distance. When we 
speak of distance we admit in principle that extensions in space 
can be measured, but when we speak of length we imply that we 
have developed a method of making the measurement. Thus we 
use units of length to give magnitude to our description of distance. 


Given a standard unit of length, we can measure many dis- 
tances directly by laying objects representing the unit end to end. 
Suppose, we want to know the length of a drawing room. Using 
a metre scale, we find out how many times the drawing room is as 
long as the metre, If it is, say, 8 timesthe metre, the length of 
the drawing room is 8 metres. Often, however, we need to 
measure very large distances or distances to inaccessible points. 
In such cases, the method,of measurement by direct comparison 
cannot be applied. Indirect methods of measurement, therefore, 
become necessary. We can use methods based on geometry and 
trigonometry. Heights of mountains, poles, buildings, widths 
of bodies of water and the distance to the moon and other 


_ celestial objects can be measured by methods called triangulation 
‘and Parallax. 


aS yee 
; : A few examplcs will illustrate the points : 

-. Height of a building, (Distance Known). Let AB be a tall 
building observed from ground level at point C (Fig. 1*2) Distance 


A 


ZL) 


c L 8 
Fig, 1°2 


‘CB_on the ground can be measured. If the angle of elevation « be | 
measured using some mechanical device, say a range finder or 


sextant, the height AB=H can be easily evaluated using the 
trigonometric relations. 
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ABH 
tana = BCL where L=BC 


or Height H=L tan « | wrChze 


Height of a Hill (Distance Unknown) : 
{f the point B (Fig. 1.3) of the hill (AB) is inaccessible i.e. if 


you cannot measure the distances DB. or CB even then you 
can determine its height (H). 


A 


wee 


Fig. 1°3 


Measure the angle of elevation « at the point C and § at the 
point D, CD being measurable. Ther 


CB 
Cohensy 


D 
Cot B= RB 


DB CB CD 
or Cot 6—Cot om AD. Abo i Boss 


or | Height (AB=H)=—___-4 was(2) 


Cot B—Cot a 


Inaccessible horizontal distance can be measured. similarly. 
The line of observation BC is called the base line. ° 


Measurement of diameter of Earth; 


Eratosthenes observed that at one point in Egypt, near 
Aswan, on the longest day of the year, the sun penetrated’ to the 
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full depth ofa deep well at noon. Thus the sun was in the vertical 
direction with respect to the horizon. On the same day at the noon 


% Rays 
from Sun 


800 km between: . 
Aswan and Alexandria 


Fig. 14 


' time, at Alexandria about 800 km due north of Aswan, the sun 
Tays were inclined to the vertical through 7}° (Fig. 1.4) Geo- 
metry shows that if 2 xr be the circumference of the earth then, 


This gave a diameter of 10 960 km 


Distance of the Moon from Earth (Triangulation Method) 


Suppose that the observers, situated AB km apart, simultane- 
ously measure the distance between the vertical and the line of 
sight to a particular crater on the moon (Fig 1.5). To make the 
example simple, we shall assume that they chose a time when the 
zenith angles ¢, and ¢2 they measure are the same ie. 


ti=¢a=¢ (say). 


Since Gy=a+0 
do=a+0 
¢:+¢2=26=2(0+6) 
or a=g—O 
Tf AB distance is measured then 
AB/2 


*= Radius of earth (R) 


is pike Me a AB, R and measuring Zenith angle ¢, angle « 


—_AC’_ Rsin@ 
Now tan «: r= rev RE 


If CM > R or OC, then CMZOM 


PS ee 


R sin 6 
Hence tan «= mw alt pe 
or om=-Rsi0® ee &)) 


tana 


‘Thus the distance of the moon OM can be determined with 
considerable accuracy. 


Distances to some of the nearer stars (closer than 100 light 
years) can be determined by the Parallax Method, using the di 
meter of the earth’s orbit about the sun as the base line, 4s 
suggested in Fig (1.6). The longest base line we can use: without: 
leaving the earth is, the distance from one point on the earth's 
orbit aroynd the sun to the point reached by the earth a half year 
later. e star S is the first viewed from point A ; six months. 
later, it is viewed from point B. The remote stars shown in the 
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re form a kind of fixed wall on which the shift of the nearer 
as is noted. (Parallax means the apparent shift in position 
of a heavenly bodv against the background of more distant stars 


MES Ri cORES A So geen el ee Cake 
casera Omi cigs wer  y , 
Remote Stars 


Earth's orbit 


Fig. 1°6 (Parallax Method) 


when viewed from different positions). The Magnitude of this shift 
plus the value of the earth's orbital diameter allow computation 
of the cistence to the star S. As is clear from the figure (1.6) if ¢ 
is the angle of parallax, then 


since 6 
xa AB is very + (4) 
| small 


tan tog AB or 


Where AB is the diameter of earth’s orbit and x is the 
distance of the star, 


The limit on stella distances that can be found with thi 
base line is found to be about 1018 m. Thus the distances 10 sory 


rg 


a few hundred nearby stars can be determined by the parallax 
method. Distances to the more remote stars are measured by other 
indirect methods i.e, methods invoiving their brightness or the 
Doppler Shift. . This is because as the distance of a star increases, 
the parallax angle ¢ decreases considerably and thus, the above 
method cannot be relied upon. : 


If the distance of a star is more than 100 light years then the 
Spectroscopic Method yields more accurate result. The method. 
involves determination of the apparent and the absolute luminosity 
of the star and then figuring out how fara nearby star of given 
absolute luminosity would have to be to give us the observed 
apparent luminosity. Applying the inverse square law (i.e. Intensity 
of light-is inversely proportional to the square of the distance bet- 
ween the source and the observer) and assuming the distance of the 
nearby star from the earth is known, distance of far away star is 
determined. The two stars may not ‘be exactly equally strong 
sources of light. Even though it is a rough method, we can deter- 
ra ~ order of magnitude of the distances of distant stars from . 

¢ earth. 


‘Tf the spectral lines of light emitted by distant galaxies are 
observed, it is found that there is a shift in their positions and 
hence a change in their frequencies, The shift was first detected 
by Hubble who explained it on the basis of the ** Doppler effect 
and concluded that all distant galaxies are receding away from. the 
earth. Further studies proved that farther a galaxy is, the faster it 
is receding away. It iicicates that the universe is expanding. This 


**Doppler Effect 

This refers to effects on the apparent pegueney ofa wave train produced 
by (i) motion of the source toward or away from the Stationary Observer and 
Gi) motion of the observer towards or away from the stationary source, the 
motion in each case being with reference to the (supposed to be stationary) 
medium. 

In particular, for light, Doppler Effect is generally taken as the apparent 
change in the wavelength of light or frequency produced ‘by the motion in the 
line of sight of either the source of light or th> observer. In terms of frequency, 
it can be shown from the theory of Relativity that 


veivg | Save 
V CFVr : 
Where vomobserved frequency 
ve frequency of the.source 
C=velocity of light 


V-=velocity of the source moving away from the 
observer. 


If the source is approaching the observer, then we have to change the 
sign of Vr. 


ip, 1a an intense study, Hubble observed that the light emitted by stars of 
different galaxies suffers a red shift when observed from the Earth. ck 
to the Doppler Principle, tise light emitted by a moving object appears more 
(red light being of lower frequency than the other colours) when it is receding 
from the observer (or the observer is receding from it), 
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receding of galaxies concluded from the change in the frequencies 
of their spectral lines is called Hubble's Principle. 


For measurement of very small distances such as. those within 
molecules and phew only indirect methods can be adopted. For 
example, we can apply Avogadro’s Hypothesis to determine the size 
of the atom or we cah determine the size of the gold nucleus by 
alpha-particles scattering experiments performed by Rutherford. The 
diameter of the gold nucleus found by Rutherford’s «—scattering 
experiment is of the order of 10-44 m. 


The order of magnitude of lengths from astronomical to the 
sub-atomic distances over . nich measurements can be made are 
given below. 


TABLE il 
Order of Magnitude of Distances 


) (The figures have been rounded off to the nearest power ot 
ten) 


‘ San Rosia era ata tte Ua nene ctacan Not a 
Body oy Distance. sseasured Order of length 
in metres 
Distant Quasar (i'arthest Photograp! galaxy) 

(Quasi-stellar Radio Source) 1026 
Great Nebula in Andromeda (nearest galaxy) 1022 
Diameter of our calaxy 1020 
Nearest Star (Al: 2 Centauri) 1017 
Mean distance oi the planet Pluto from the sun 1018 
Radius of the Sun 10° 
Mean distance from .he Earth to the moon 108 
Rodis of che Earth 10? 
Distance vetween’Delhi & Ambala 105 
Lonyth of ihe Football field 108 
Height of man 10° 
Diameter of Peucil 10 
Thickness of as! et of paper 10-4 
Diameter of a re) blood corpuscle 10°5 
Size of a virus : 10°8 
Size of an oil molecule : 10°? 
Estimated Die veter of a hydrogen ato 10710 
Estimated size of a large nucleus 10714 
Estimated diameter of Proton 19715 

Time : 


What do we megn by time ? Regardless of what we are doing 
or where we are located, we are always aware of a phenomenon 
referred to as the passage of time. We note the phenomenon in 
various ways: for example: by the apparent motion of the sun, the 
seasons, the heartbeat and the calendar. Our conceptof measure- 
ment of length was based on our intuitive notion of distance; we 
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will assume that we have also an intuitive feeling for the measure- 
ment of time. 


A phenomenon that repeats itself can be used as a measure of 
time for example, the oscillations of a pendulum and a coiled spring 
etc, The measurement consists of counting the repetitions, The 
rotation of the earth on its axis is a repetitive phenomenon occuring 
in nature. This rotation determines the length of the day and was 
used as a standard of time from very early times. The day is sub- 
divided into hours, minutes and seconds. Fortunately, all systems 
of measuring time are related to the second. 


Table 1°2. gives the order of magnitude of time intervals that 
can be measured. 


TABLE 12 
Order of Magnitude of Tirce Intervals 


*Order of time An event of that Order 
Intervals in 
seconds 


1017 Age of the earth 

1015 Time elapsed since the appearance of prehistori- 
cal animals. 

1018 Time elapsed since fan appeared on the 
earth, 

104 Age of the Pyramids of Gaza (Egypt). 

10° Human life expectancy. 

197 Time for the Earth to revolve once round the sun, 

105 Time for the Earth to rotate once on its axis, 

108 Time taken by light from th: sun to reach the 
earth, 

102 One minute. 

10° Time between heart beats. 

10-2 Time for an electric fan to make one complete 
rotation. 

1074 Time for the vibration of a high frequency audi- 
ble sound note. 

108 Life time of an excited state of atom. 

10-1 Time for light to pass through a glassplate, . 

105 _ Time for an electron to revolve once around a 
proton in an atom of Hydrogen. 

10°22 Time for a single revolution of a proton in a 
nucleus, 


*The figures have been rounded off to the nearest power of ten, 


1:12 “" 
13 SYSTEMS OF UNITS AND SI UNITS : 


Physics has been defined as the study of properties of matter, 
of the interactions between different portions of matter and ulti- 
‘mately of the effects of these interaction upon our senses. Thus 

-in Physics, precision in measurement is very essential. Now 
measurement inevitably involves comparison with a chosen standard 
or unit of similar kind, so that the first essential step-to be 

’ taken is the selection of a suitable standard or unit in accordance 
with the nature of the physical quantity to be measured, and the 
second, to determine its value in terms of the chosen unit. In 
other words, to form an exact idea of the magnitude of a physical 
quantity, it is necessary to express, 


(i) the standard or uit in which the quantity is measured ; 


and (ii) the number of times the quantity contains that stanaard 
or unit. 


For instance in expressing the age of a child we must first 


settle upon a certain period of 'the time as unit. Ifwe choose a’ 


month as the unit, the age may be stated as being, say 6 months 
where month is the name of the nit chosen and 6 is the number of 
times the age of the child contains that unit, If, however, we had 
selected a day as the unit of time, the age would be 180 days ; but it 
must be remembered that in all cases the name of the unit must be 
mentioned along with the number of times the unit is contained in 
that quantity. Thus, the larger the unit, the smaller the numerical 
value of that quantity 3 and the smaller the unit, the larger its value 
or, the numerical value of a quantity is inversely proportional to the 
magnitude of the unit selected as the standard, It follows, there- 
fore, that the product of the numerical value of the quantity and 
the magnitude of the unit in which it is expressed is a constant. 


Thus 6x 1=180%-ah 


or in general, ifm and ng be the numerical values of a given 
physical quantity, corresponding the the units x, and Xg respecti- 


vely, we have 
| NiX1 =NoXg | 


_ For measuring different kinds of quantities, we must 
obviousty have different kinds of units. If these be selected in any 
arbitrary manner they will be quite urelated to each other, and 
their-use will create difficulties and complications in actual practice. 
Thus it is desirable that as few different kinds of units as’ possible 
Should be introduced into our measurements. Different kinds of 
units are, therefore, all based on some fundamental units, so as to 
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be interdependent and properly related to each other. The guiding 
principle in their choice is as follows : 


(i) they are well defined and of a suitable size ; 
(ii) they are easily reproducible at all places ; 
(iii) they are imperishable i.e. they are not subject to any — 
secular changes (i.¢., to changes with time). 


(iy) they do not readily or appreciably vary with varying 
physical conditions like temperature, pressure ete ; and 
if they do, their manner of variation is perfectly, cor- 
rectly known. 


(v) they should be accepted internationally. 


The yundamental units chosen, and internally employed. are 
those of mass, length and time. The reason why these alone are 
chosen as the fundamental units, and not any others, would seem 
to be that they represent our elementary scientific notions and 
cannot be derived from one another ; nor can they be resolved into 
anything more basic or fundamental. All other units in Mechanics 
can be derived from them and are, therefore, called derived units. 
For example, the units of area and volume are derived units, for 
they can both be derived from the unit of length, the former 
being the aréa of a square, and the latter, the volume of a 
cube, each of unit length. Similarly, the unit of velocity is a 
derived unit and is the velocity of a body which covers unit dis- 
tance, or length, in unit time. Again the unit of acceleration, 
force, work; momentum, energy, density, etc. are all derived 
units. 


A coherent system of units is a system based on a certain set — 
of ‘basic units’ from whieh all derived units are obtained by multipli- 
. cation or division without introducing numerical factors. 


The MKS system is a Coherent system of units in mechanics. 
Here M stands for metre (a unit of Jength) K for kilogram (a unit 
of mass) and S:for second (a unit. for time). The units, of all 
other quantities in mechanics can be obtained from the above three 
units by their simple multiplication and division. 


Though the metric system spread to several countries in the 
form of the CGS system (Cetimetre, Gramme, Second System) 
after the French Revolution, over the years much thought has 
"been given to extending and improving the original metric system. 
q In 1960 the General Conference of Weights and Measure’ recom- 
; mended a coherent system of units named “Systeme Internationa 

d’ Unite’s’. abbreviated ‘SI’ in all languages. SI is thus t 
ae) extension and refinement of the traditional metric system and } 
intended to replace all other systems of units now existing in 
branches of science, engineering and technology, and at all levels 
industry and.commerce. The Sl is like.a common currency for a 
these fields, 
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there are seven fundamental and two supple- 


In SI system, 
i all fields of Physics. The seven 


mentary units so as to cover 
fundamental units are : 


(i) metre (for length) 

(ii) kilogram (for mass) 

(iii) second (for time) 

(iv) kelvin (for thermodynamic temperature in the field of 


thermodynamics) 

(vj candela. (for /uminous. intensity in the field of Photo- 
metry) 

(vi) ampere (for current or current intensity in the field of 
electricity). 


(vii) mole (for amount of substance ) 

The swo supplementary units are ; 

(1) radiam (for plane angle) and 

(2) steradian (for solid angle) 

The various SI init have been explained below : 


(a) Fundamental Units : 


(i) metre (m): 

The many units of length in use today reflect some of the 
interesting history of measurement. Long before the various units 
were known, another unit of length, the Cubit, was used by the 

_ Egyptians. The cubit is approximately the length of the forearm 
from the end of the elbow to the tip of the middle finger. Other 
units have also been based on parts of the body. The Span is 
the spread of the hand from the tip of the thumb to the tip of the 
little finger. 

In the metric system, the standard unit of length is the metre. 


ass : 1 
O: i tre was int ———_—_ i 
riginally a metre was intended to be 70 000 000 of the distance 


from the equator ‘to the north-pole (along a meridian passing 
-through Paris); so the distauce could be redetermined if the 
original standard were lost. After the length representing the 
standard metre had been marked off cn a metal bar, it was found 
that small error had been made. This error was considered too 
small to warrant recalibration of the standard metre. Consequen- 
4: ,, tly, the meridian quadrant through Paris has a length of 
lO 002-288 metres, and the metre was redefined as the distance at 
Zero degree celsius \0°C) between two parallel lines ruled on a 
“platinum-iridium bar. : 


% © This bar is preserved in the International Bureau of Weights 
and Measures, which was established by the Metric Convention of 
«1875 and is located near -Paris, France. A large number of 
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such bars, all compared as accurately as possible with the first 

standard, were made. Each member nation of the convention was 


allowed to draw two bars by lot. Copy of the standard metre 
is available at the National Physical Laboratory, New Delhi. 


In 1960, a new detinition of the standard metre was adopted, 
The standard metre is now specified as being exactly equal to 
1,650,763*73 wave-lengths in vacuum, of the radiation corresponding to 
the transition between the levels 2py9 and Sds of the Krypton isotope 
of atomic mass number 86 (Kr3)- 


This number of wavelengths corresponds, of course, 


| to the length of the previous standard ; but it is, as far as 


scientists know, unchangeable, always reproducible, and not 
subject to either the effects of aging and deterioration or possible 
destruction. The particular wavelength chosen is uniquely charac- 
teristic of Krypton 86 and is very sharply defined. This isotope 
can be obtained with great purity, relatively easily and cheaply. 


Multiples and submultiples of the metre are used for con- 
venience. The smaller units, the submultiples, are obtained by 
dividing the standard unit, the metre, into tenths, hundredths, 
thousandths, etc. The decimal system employed is the same one 
mast countries now use for their currency. One tenth of a metre 
is a decimetre (dm), one hundredth is a centimetre (cm), and one~ 
thousandth is a :illimetre (mm). To obtain a large unit, a multiple 
ofthe metre is used. This unit is equal to 1000 m-and called 
the kilometre (km). 


Table /°3 shows how large and small units are formed. 
TABLE 1'3 
Metric Units of Length 


Multiple and submultiple Equivalents 


1 kilometre: =10% metre (m) 

1 metre =the standard unit 
1 decimetre (dm) =101m 

1 centimetre (cm) =102%m 

1 millimetre (mm) =103 m 

1 micron () =10-° m 

1 angstrom (A) =10710 m 


Because the metric system uses the base ten, the change from 
one unit to another is very easy. Some of the commonly used 
metric prefixes are given in Table 1°4._ These prefixes can be used 
for multiples and submultiples of any unit. ; 2 
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TABLE 1'4 


Metric Prefixes 


Meaning 


Abbreviation 


B MUSE SOAR 2QH4 


X*xXXxXxXXxXXxXXX 
S 
; 
wo 


(ii) kilogram (kg) : 

- The standard of mass is the kilogram (kg) which is defined as 
the mass of the international prototype o! the kilogram—the 
standard block of platinum-iridium alloy (90% Platinum and 10% 
iridium) kept in the International Bureau of Weights and Measures 
in Sevres, near Paris. The diameter of the cylinder is equal to its 
height. Prototype copies of the kilogram have also been supplied to 
various countries for national reference and ome such copy is also 
available at the National Physical Laboratory, New Delhi. 


The kilogram was originally intended by Borda to be the mass 
of one cubic decimetre of water at 4°C. which is now known to be 
only approximately true. The gram is 103 ke and the metric ton 


is 103 kg. 


1 metric ton = 10 quintals 
1 quintal = 100 Kilograms 
1 kilogram = 1000 grams 

1 gram = 10 decigrams 


100 centigrams 
1000 milligrams 


, 
i] 


This fundamental unit is not defined in atomic terms at 
present. But with improvements in physical measurements of atomic 
quantities even this standard seems destined, in time, to be replaced 
by a simply reproducible definition based on the masses of atoms. 


(iii) second (s) : 
On account of the diurnal rotation of the earth, the heavenly 
bodies, including the sun, appear to rise on the horizon in the east 
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and set in the west and reappear again on the next day to complete 
the cycle exactly in the same manner. When the sun appears te 
attain the highest position, it is said to be in the meridian. The 
interval of time that elapses between any two successive passages of 
the sun across the meridian is called the apparent solar day. Now, for 
various reasons, the length of the apparent solar day does not 
remain constant but varies from day to day. If the lengths of all 
the solar days in a year be added together and the sum is divided 
by the number of days, we obtain what is known as the mean solar 
day. This is divided into 24 hours, cach hour into 60 minutes and each 
minute into 60 seconds. The second or rather, the mean solar 


eo Rogers 1 1 
second as it is called, and which is ax6OX0 = B6400 of a 


mean solur day, 3 taken as the unit of time. 


There are 365°2420 mean solar days in one tropical year 
(Tropical signifies the time required for the earth to make one 
trip around the sun). In other words, the earth makes 365.2420 
rotations on its own axis while making one complete revolution in 
its orbit around the sun. Investigations indicated that the annual 
revolution of the earth about the sun was more constant and regu- 
lar than the earth's daily rotation on its own axis. Consequently, 
Le standard unit of time was changed and, until recently was 
defined : 


1 pecorino 
Secone="F1 556 925°9747 
ing in 1900. 

1 


This standard second differed from 86.400 
solar day by less than | part in 100 000 000. 


Nevertheless, even this standard was found to change at the 
rate of about half | ofa second percentury. Time defined in 
terms of the rotation of the earth is called Universal Time (U.T.). 
Time defined in terms of the Earth’s orbital motion is called 
Ephemeris Time (E. T.). 

Quartz Crystal Clocks based on the electrically sustained 
natural periodic vibrations of a Quartz Wafer serve well as secon- 
dary time standards. The best of these have kept time for a year 
with a maximum error of 0.02 second. The Quartz clock with an 
accuracy of | in 108s is at National Physical Laboratory, New 
Delhi. 4 t 
To mect the need fora better time standard, atomic clocks 
have been developed in several countries, using .periodic atomic 
vibrations as a standard. 

A particular type of atomic clock, based on a characteristic 


frequency associated with the Cesium atom, has been in continuous 
operation at the National Physical Laboratory in England since 


part of the tropical year beginn- 


part of the mean 
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1955. A cesium atom behaves like a tiny magnet. It experiences a 
sideways deflection as it moves through a non-uniform magnetic 
field. The amount and the direction of the deflection depend on the 
strength of this magnet and on the orientation of the axis of the 
magnet in this field. Thus the cesium atom acts like a pendulum. 


In 1964, the second, based on the cesium clock was adopted 
as an International Standard by the twelfth General Conference of 
Weights and Measures meeting in Paris. According to this-tlhe 
second is the duration of 9 192 631 770 periods of radiation correspon- 
ding to the unperturbed transition between the two hyper fine levels 
44,0— 3,0) of the ground state (8S1,2) of caesium atom (133) 


This action increases the accuracy of time measurements to 
1 part in 1011, an improvement over accuracy associated with the 
astronomical methods of about 200. If two cesium clocks are ope- 
rated at this precision, and if there are nu other sources of c.ror, 
the clocks will differ only by one second after running 5000 years. 


Atomic clocks are still in a phase of rapid development and 
it was for this reason that “Cesium Second’? was adopted only 
temporarily. For example the hydrogen laser gives promise of 
producing a clock with an errr of only one second in 33 000000 
years, 


It is interesting that the length of the second approximates 
the time interval between two human heart beats. This coincidence 
is not fundamental bat it does provide an excellent means for 
estimating short intvrvals of time. 


Astronomers, however, use a time scale called Sidereal Time. 
This time is determined by the rotation of the earth relative to the 
fixed stars (sidereal means stars). Sidereal time is independent of 
_he earth’s revolution about the sun. Because of the earth’s motion 
in its orbit, sunrise occurs nearly four minutes later each day as 
observed by the stars. A sidereal day has only 23 hours, 56 minutes 
and 4°091 seconds of mean solar time. Asa result, there are app- 
toximately 366°25 sidereal days in a tropical year. 


(iv) kelvin (KK) : 


Ordinarily, we measure temperature in degree centigrade (°C). 
In this scale. the two fixed temperatures taken are ice-point 0°C 
and the steam point (100 °C) and the interval between these two is 
divided into 100 equal parts. Each degree on a centigrade scale is 
exactly one-hundredth part of the interval between these two fixed 
points. This scale evidently depends upon the thermal expansion of 
mercury used as tlie thermometric substance. 


But there is another scale in use called the Kelvin Scale or 
Thermodynamic Scale. One unique feature of this scale is that it has 
a natural lower fixed point which corresponds to—273'16°C (ie. 
273.16 degrees centigrade below the ice-point). This temperature 
on the Kelvin Scale is referred to as 0 K. The ice point (0° C) on 
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Kelvin or Thermodynamic Scale is 273:16 K so that one degree 
interval on the centigrade scale is the same asa degree on Kelvin 
scale. The temperature ¢ on centigrade scale can be expressed into 
that on Kelvin scale by the relation T=(t+273'16) K where T 
denotes the temperature on the Kelvin Scale. 


The kelvin, unit of thermodynamic temperature is the fraction 
1/273-16 of the thermodynamic temperature of the triple point of 
. water. 


It may be noted that according to $I system the triple point of 
water is taken as a fundamental fixed point having a temperature 
273'16 K-by. definition. 


(v) candela (cd) : 


_ It is the luminous intensity of a given source of light under 
specific conditicrs. It is defined as the luminous intensity, in a given 
direction of a source which emits: monochromatic radiation of 
frequency:540x 1012 Hz and of which the radiant intensity in that 
direction is 1/683 W/Sr. The candela is approximately 0:98 of the 
original internationa] candle—a sperm candle, which weighs one sixth 
of a pound, is 7/! inch in diameter and burns at the rate of 120 
grains (7.78 gm) of wax per hour. 


(vi) ampere (A) : 


It is defined as that constant current which, when flowing in 
two straight parallel conductors of infinite length, and of negligible 
area of cross-section, and placed one metre apart in vacuum, would 
produce between these-conductors a force equal to 2x 10-7 newton 
per metre of length. 


(vii) mole (mol) : 
The mole is the amount of sub- B 
stance of a system which contains as 


many elementary entities as there are 
atoms in 0:012 kg of carbon 12. 


(6) Supplementary Units : IY 
(a) radian (rad) 


It is the plane angle between two 
radii of a circle which cuts off on the 
circumference an arc equal to the ‘ Circle 
length of the radius. It should be 
noted from Fig. (1.7) that 
Fig. 1.7 


a (5) 


6 (in radians) =~ ius (OA) ; 
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(2) steradian (sr) : 


It is the solid angle which, with its vertex at the centre of a 
sphere, cuts off an area of the surface of the sphere, equal to that of 
a square having sides of length equal to the rdius of the sphere. 


If AS is the area cut off on the surface of a sphere of radius r, 
the solid angle at the centre of the sphere is given by 


S 
=> —(6) 


The following table—1.5 gives the SI units of various physical 
quantities, 


Table 1.5 
U N I T s 
Quantity SS aoe 
S.I. Name Abbreviation 
Length metre m 
Mass kilogram ; kg 
Ttime second s 
Area sq metre m2 
‘Volume cubic metre m’ 
Density kilogram per metre cube kg m-3 
Velocity metre per second ms-1 
Acceleration metre per second squared ms~2 
newton 

Momentum pseiees 5 a — 
Force newton N 
Work and Energy joule J 
Power watt WwW 
Pressure pascal Pa 
Angle radian rad 
Angular Velocity radian per second rad/s 
Angular radian per second squared rad/s? 

Acceleration . 
Moment of Inertia kilogram metre squared kg m? 
Torque newton metre Nm 
Frequency No. of Oscillations gl 

pre sec or hertz Hz 

Surface Tension newton per metre Nm-1 


Current ampere A 
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1°4 DIMENSIONS AND DIMENSIONAL EQUATIONS 


The units of mass, length and time are denoted by the capital 
letters, M, L and T, which merely indicate their nature and not 
their magnitude. And, since the unit of area is the product of 
two unit lengths, we have the unit of area represented by LxL or 
12: and similarly the unit of volume, being the product of three 
unit lengths, is represented by LxLXxL or L’. We express this 
by saying that the unit of area is of two dimensions in lengtli, and 
the unit of volume, of three dimensions in length. Since neither 
the unit of area nog that of volume depends upon mass and time, 
their dimensions are said to be zero in both mass and time and we 
may, therefore, represent these units as M°L* T° and M° L3 TO, 
respectively. 

Thus the dimensions of a derived unit may be defined as the 


powers to which the fundamental units of mass, length and time must 
be raised so as to completely represent it, For example, 


.. _ distance or length _ L _y4 
Velocity: Time =F L T3 
and hence the dimensions of the unit of velocity are 1 in length 


and —1 in time. Since it is independent of mass, its dimension in 
mass is zero, and we may, therefore; represent it by M®L! T1. 


Velocity 


Again, since acceleration me the dimensions of the 
oUt. 
unit of acceleration are wer =M® ELT, and so on. 


It will thus be scen that the dimensions of a physical quantity 
are obtained by simply defining it in terms of those physical quan- 
tities whose dimensions in mass, Iength and time are known-the 
value of a derived unit depending upon the values of the funda- 
mental units from which it is derived. 


A Dimensional formula is a compound expression, showing how 
and which of the furdamental units enter into the unit of a physical 
quanti.y. As explained aLove, the dimensional formula for velocity 
is [M° L1 T-1] and for acceleration it is [M® L? T?|, But when we 
put it in the form. 

Velocity =M? L! T-}, it is called a dimensional equation for 
velocity. 

Thus a dimensional equation is an expression which expresses 
the physical quantity in terms of fundamental units of mass,~length 
and time. For instance, equations of the fopn 

Force=:M?! L! T? 
Pressure-==M2 L7! T? 

Moment of Inertia: M! L? Te 
are called dimensional equations, 
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The dimensional equations of a few sical quantities 
are given below : a hg 


1. 
2 
3. 


oO 


oO 


. Power= 


Fo 
. Pressure = —2 
re 


, Force 
. Stress= ae 


. Elasticity = 


. Surface Tensions 


Area=(length)*— M0 L? T? 


. Volume=(Iength)®— Mo L3 T 


Velocity =—Tength. 1 op TO=M9 Li T-1 


; Acceleration= Velocity _ 4 Sl =L1T?=M°L! T? 
L 
- Momentum=mass x velocity =M x T =M!L!T? 


i Force=mass Xaccekration =Mx & =M! 11 T? 


- Work or Energy Force x distance 


=[M? L! T-2)x{L14]=M! L? T2 


Couple or (Torque)==Force x length of arm 


=(M1 L! T-2]x[L1]=M! L2 T2 


. Kinetic Energy=} mass X (Velocity)? 


=M1x [L1 T-1]2={MIL!T-2 


. Potential energy=miass x acceleration due to gravity 


X distance =M1xL1 T-2xL1—M! L2 T-2, 


Work M! L2 T-2 


= 4T 3 
Rime TT TT 


. Density =—Mass_ _ M _yyip-s 70 


Volume ~ L’ 


. Specific gravity=a mere ratio=no dimensions. 


ce MILIT# 

ara —«L 

M1L} T-2 
L2 


=Ml1 [71 T-2 


=M1 17-1 T-2 


. Strain=a mere ratio and hence it is dimensionless. 


Stress 
Strain 


=MI!L-1 J-2 


Force M111 T-2 
Length LI 
=M! T-2<2M1 Lo T-2 
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Work  M!L2T? 


ara L? 
=M!1T2=M!1 L° T2 


19. Surface Energy= 


__ Are L 
20. Angle=yoaius dus =L 
=a mere ratio. It is thus dimensionless. 
oryAngle — 1 _p-1_ yo 10 T-2 
21. Angular Velocity= Time 7 TI1=M? LOT 
Sg H 1 
22. Angular Acceleration = _change in angular velocity” 8 angular velocity pushes 
Time 
=T2=M? L° T2 
23. Moment of Incrtia Mass x(radius of gyration)? 
=M1L2=M1L2 T° 
_ number of vibrations 1 _y-4_.ygopoyt 
24. Frequency = saieE Tata Fah =T-1==M°L°T 


7 Rapes ks Force/area 
25, Coefficient of Viscosity Velocity/distance 
_ MUTA yp pars 
=Sop Ma 
Fxd? aN M111 T-2xL? 
my me M2? 
=M1L3 T-2 


27. Specific Heat=Joule per kg per K rise in temperature 
= Energy x(mass)* x (Tem. diff.) 
=M1L2 T2xM1xK1 
=M° L2 T-2 K=2 
28. Angular Momentum=Moment of Inertia x Angulr 
Velocity ; 


26. Gravitational Constant=G= 


=MIL2xTISMIL?T? 
29. Temperature=M° L° T° K! 
30. Heat Energy=M! L? T® 


: chy Heat x distanc. 
31. Thermal Conductivity = Areax Temp. diff. Tine 
~ [MIL2T 4] x {1} 1 Serre 
pats =MIL1 1-3 K-71 
wy Dx MIL1T*K 
32. Latent Heat=—jy— =M°L2T-2 
33. Force Constants me LE? 


Displacement 
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34, Planck’s Constant=Energy x Time=M! L? T-1 


og Energy _ewirya -1 
35. Boltzmann Constant Teaiperature MIL2 T?2 K 


36. Radius of Gyration=Length=L! 


The. student is no doubt aware that’ in Physics we come 
across two types of quantities, viz. variables and ¢onstants which 
may both be. dimensional or dimensionless. Thus we have 


(i) Dimensional variables—thesc are quantiti¢s like accelera- 
tion, velocity, force etc. which the Physicist has to deal with, at 
every step. 

(ii) Dimensional constants—Quantities which have a constant 


value and yet have dimensions. For instance, Gravitational constant 
(G) and the velocity of light in Vacuo (c) ete. 


(iii) Non-dimensional variables—Quantities which are variable 
ee yet have no dimensions e.g, specific gravity, strain or an angle 
ic, 


(») Non-dimensional constants—these are mere numbers like 3, 
, %, etc, 


Thus, numerics & pure numbers have no dimensions in Mass; 
e. 


Length & Tim 
Uses of Dimensional equations 


A careful examination of the dimensionsi equations cf the 
various Physical quantities involved in a relation i.e. an analysis of 
thein dimensions, is of great help to us in more ways than one. Its 
two chief uses are the following :— 


(a) Checking the Accuracy of a given Physical Equation 


This depends upon what is called the principle of homoge- 
ueity of dimensions, according to which the dimesions of all the 
serms on the two sides of an equation must be the same. This follows 
&t once from the fact that it is not possible to compare two physical 
quantities of different natures, and that only quantities of the same 
hature can be added up together, their resultant being also of the 
same Mature, We can add mass to mass to get the resultant mass 
or velocity to velocity to get the resultant velocity, we cannot add’ 
velocity and mags or volume and time etc. Tf, therefore, ina given 
relation the terms on either side have the same dimensions, the relae 
tion is @ correct one, but if they have not, there is a flaw somewhere 
which must be diligently sought ont. 


Let us take a couple of ‘examples :— 


(1) To check the accuracy of the tion, t=2nd 
Simple pendulum, es nem oe 
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Here the term ¢ on the left hand side has only one dimension 
in time or the dimension of ¢ is [T], its dimensions in both mass and 
length being zero. 

And, on the right hand side 2x has no dimensions, being just 
a number; / has one dimension in length or its dimension is[L], 
those in mass and tim: being zero; and the dimensions of g, the 
acceleration due to gravity are L'T-*, that in mass being zero. 


a 
Hence the dimensions of the term 2x v =- aa —arev T=(Tl 


ie, it has only one dimension in time: the same as the term on the 


left hand side. The relation t=2r, _ is, therefore, a correct one, 


We can only say that the relation t=2n + is dimensionally 


correct. By the above proof, we cannot say whether it is numerically 


correct or not. For instance the relation t=4r, — is also dimen- 


sionally correct but numerically wrong. 

(2) To check the relation S=V,t+-1/2 at®, for the distance 
covered in ¢ seconds by a body, having an initial velocity V, and an 
acceleration a. 

Here, the dimension of the term S on the left hand side is 
rial in length, or L*, and taking the terms on the right band side we 

ave 

(i) dimensions of V, (Velocity)=L!T-* 

(ii) dimensions of ¢ (time)=T* 

(ii) dimensions of 1/2 (a number)=no dimensions 

(iv) dimensions of a (acceleration)=L'T~* 

(v) dimensions of #? (time)*=T* 
dimensions of the term, 

Vot +1/2 at?=[L'T-] x [T] +[L'T-] x [T2]=L'4+-L? 

i.e, the dimeasions of each term on the right hand side is the 
same as that of the term on the left hand side, hence the given 
telation is correct. 

(b) Deriving a correct relationship between different Physical 

Quantities 

The principle of homogeneity of dimensions also enables us 
to deduce a relationship between different physical quantities which 
are related, or at any rate, a preliminary form of such a relationship. 
For knowing the factors on which a physical quantity may possibly 
depend, an expression for it can be obtained in terms of these 
factors, so that the dimensions of the terms on the two sides of the 
expression are the same. A few examples will illustrate the ppint. 

(1) To deduce an expression for the time period of a simple 
pendulum. 

The factors on which the time period (t) may possibly depend 
are the following :— 
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(i) the mass of the bob (m), 
(ii) the length of the Pendulum (/), 
(iii) acceleration due to gravity (g) and 
{iv) the angle of swing of the Pendulum (9), 
Let us further suppose that 


tam? 


al? 


a ge 


a of 

So that :=Kym2 Ib ge g , where K ig a constant of proportionality, 

Taking dimensions of the terms on either side of the Sign of 
equality, we have 

T'= Ma Ld (L*T-*)¢ as K and @ have no dimensions 

or T'=Ma Lbty-2¢ 

Since the dimensions of the terms on the two sides must be the 

same, we have, equating the indices of M, L and T. 


b+c=0 and —2c=1 


Thus , b-1/2=0, or 


Therefore, t=K [27 g-1/8 


pe t=K-JIg 

The value of K cannot be found by the method of dimensions 
since it is just a number. It can be found experimentally or by 
mathematical investigation which shows that K=2_ 


Hence t=2n/Ilg_ 

(2) To deduce a relationship for the velocity of sound in a 
material medium, the temperature of the medium remaining constant, 

The velocity V may depend upon 

(i) the elasticity of the medium (B) 
and (ii) the density of the medium (e), so that 

V=K, Ee .pb , where K is a constant of Proportionality 

Again taking dimensions of the terms on both sides, we have 

M°L?T-1 =(M? L-! T-24 (M2 L-3)6 

=Ma +6 [9-9 7-3, 
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Since the dimensions on the two sides must be the some, it is 
clear that 


a+b=0; 
—a—3b=1 


and —2a=—1, whence, | @=1/2 


and b=—a=—1/2 or 


Hence V=K_ E?/8p-1/2 
V=KVElp 
The valuz of constant of proportionality K is again determined 
by experiment, and is found to be 1 in this case; so that 
or V=V Efe 


(3) A liquid is flowing steadily through a pipe. Assume that 
the volume of the liquid issuing out per second depends on (i) the 
coefficient of viscosity of the liquid, ». (ii) the radius of the pipe,r 
and (iii) the pressure gradient along the pipe (pressure gradient is 
drop in pressure per unit length of the pipe and it is equal to p/l 
where p is the pressure difference between the ends of the pipe andl 
is the length of the pipe). Deduce by the method of dimensions the: 
formula for the volue of the liquid flowing out per second (yiven the 
dimensions of the coefficient of viscosity » are M'L“T-), 

Let V=Volume of the Jiquid issuing out per second. 

Then, V depends upon 

(i) coefficient of Viscosity, », 

(ii) the radius of the pipe, r; 


(iii) the pressure gracient along the pipe, p/! 
Let V « 14 rb (pile 
so that V=K @ rb (+ ye where K is constant of proportionality. 


Writing the dimensions of tne various terms on both sides in 
the above equation, we have 


ly -1T-2 
M°L'T-2==[M?L-?T-]@ (Lye “rf 


or M®°L®T-!=Ma te L-a +b —c¢ T-a-% 
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Equating the powers of M, L and T on either side, we have 
a+e=0...(i) —a+b—2c33...(ii) and —a—2c=—1...(iii) 
From (i), a=—c 
Putting itn (ii), c—2c=—1 or 


Putting a and ¢ in (ii), 1+b6—2—3 or 


1 
Hence the formula for V becomes V=K ar? rf (4 ) 


It will be readily seen from the examples given above, that 
the method of dimensional analysis is, after all, not quite so simple 
in its pplication. Tt has also its own limitations. Thus, for 


and which, therefore, have to be determined by separate calculation 


(ii) Since at best only three equations can be obtained by 
equating the dimensions of M, L and T, this method js of no avail 
in deducing the exact form of a Physical relation which happens to 
depend upon more than three quantities. 


(ii) It is of no use when: 


(a). trigonometric ratios are involved. 
(6) complex relations like 


M 
M=——__ i 
ive are to be derived 


a 


unless one. of them is related to another and the relation 
is given. 


(iv) It does not tell us whether the quantity jis vector or 
scalar. 


SUMMARY 
i. barge with @ wide range of measurements from the fnfinite to the 
fesmal. 
Length. is any interval of distance. We can 


measure Many distances directly 
by laying objects representing the unit end to end. Often, however, we 


5. 
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need to measure very large distances or distances to inaccessible points e.g. 
heights of mountains, distance to heavenly objects, In such cases, we can 
use methods of triangulation and parallax. Distances to more remote 
on, are measured by methods involving their brightness or the Doppler 
Shift. . 


One of the importaut measuring urits used by astronomers is the astronomi- 
cal unit (AU). | AU=149x10° Km. A still large unit of distance is the 
light year, Ong light year is the distance travelled by light in one year, 
about 9.5x 10% Km. 


For measucing very small distances such as those within molecules and 
atoms,-only indirect methods can be adopted. 


A phenomenon that repeats itself can be used as a measure of time. 
Greater accuracy has been achieved with a cesium clock. 


The three standard units, the Metre, Kilogram, and Second form what is 
called the Metre-Kilogram Second (MKS) system. In the scientific field 
' SL system is now used. In SI system, there are six fundamental and wo 
supplementary units. The six fundamental units are ; metre (for length) ; 
Kilogram (for mass); Second (for time); Kelvin (for temperature); 
Candela (for luminous intensity) and ampere (for electric current). The 
ao suppleeayy units are: radian (for plane angle)-and steradian (for 
solid angle). 


Physical quantities in mechanics are expressed in terms of only three . 
fundamental quantities of /Jengih, mass and time. 


The dimensions of any derived unit are the power to which the fundamental 
units of length, mass and time must be raised so as to completely repre- 
sent the derived unit. The equations which represent the dimensions of 
any physical quantity in erms of the fundamental units are called dimen- 
sional equations. 


QUESTIONS 


1, What is a light year ? How wili you estimate the distance of 
a distant star by Parallax method ? 


2. What is a coherent system of units? What are the 
fundamental and the supplementary units of measurement in 
the International system of units (SI system)? Define these 
units. 


3. What are the desirable characteristics of a physical stendard ? 
What is the advantage in choosing the wave-length uf light 
radiation as a standard of length ? 


4. What is the average distance of the sun from the earth ? How. 
does the triangulation method of distance measurement differ 
from the parallax method ? 


5. Suggest an indirect method of measuring the height of a tree 
on a sunny day. 


6. Mention some repetitive _ phenomenon occuring in nature 
which could serve as time standards. What will be your 
criterion in selecting the most appropriate one as a time- 
standard ? 


13 
14, 


- What is the basis for the measurement of sidereal time ? 


What is one advantage of the use of sidereal time over the 
use of solar time ? 


- Explain the terms ; light year, galaxy and Hubble's principle. 


- What do you mean by fundamental and derived units ? Give 


examples. 


. What do you mean by dimensions, dimensional formulae and 


dimensional equations. 


What is the advantage in expressing physical quantities in 
terms of dimensional equations ? Mention two applications 
of dimensions with examples. 


. Write the dimensions of the following physical quantities : 


(i) Angular Momentum (ii) Temperature (iii) Heat Energy 
(iv) Specific Heat (+) Force Constant (vi) Planck’s Constant 
(ii) — Boltzmann Constant (sii) Torque (ix) Elasticity 
(x) Impulse (x/) Angular Velocity (xii) Coefficient of 
Viscosity. [A.LS.S.C. 1986] 


How is it estimated that universe is expanding ? 


Suggest a distance corresponding to each of the following 
orders of length— 


(i) 10°61 (if) 107m (iii) 104m (iv) 108m (vy) 102m (vi) 10-4 
(vii) 10° Sm (vit) 10714m, 


Derive dimensional formulae of the following physical 
quantities. 


(a) Velocity (hb) Acceleration (¢) Momentum (d) Force 
(ec) Pre ure’ (f') Work (g) Kinetic Energy (h) Potential 
Energy (i) Power (/) Stress (A) Strain (/) Surface Tension 
(m) Gravitational constant (x) Moment of Inertia. 


Which is longer, a Ikilosecond or a microcentury ? 


. The three fundamental units used in mechanics are the metre 


(m) to measure length, the kilogram (kg) to measure mass, 
and the second(s) to measure time. What unit i employed 
in this system to specify each of the following q tities ? 
Use abbreviations, so that each answer involves one of more 
of the fundamental units m, kg and s. 


(a) A Volume 

(6) An acceleration 

(c) The rate at which oil is moved by a pipe une. 
(d) The rate at which a mower cuts a lawn. 

(e) The rate at which a machine gun fires bullets. 
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Write down a convenient unit 10 use when talking abou.” 


(a. the diameters of test tubes 


(b) the wavelengihs of light of various colours, in the range 
4x 10-7m to 8 x 10-7. 


(c) the diameters of the plancts, ranging from 5x 108» to 
1X 108n7, 
(d) the masses of grains of sand, of the order of 10-Sikg ; 


(e) the times taken for radar echoes to return from objects a 
few kilometres away, of the order of 10-8 s. 


Mass, Length, and time are commonly accepted as the 

fundamental quantities of mechanics, but there is no theorcti- 

cal justification for choosing these three. 

(a) If force, length and time were chosen as fundamenta! 
quantities, what would be the dimensions of mass ? 

(6) Why in practice is it more convenient to use mass rather 
then force as a fundamental quantity 2 


PROBLEMS 


The moon subtends an angle of 57’ at the base lire equal to 
the radius of the earth, Compute the distance (Radius of 
the carth=:6°378 x 108m). [3°844 x 1087] 


Suppose that a planetoid comes so near the earth that if it is 
observed from opposite sides of the earth, so that one 
observer sees it on the horizon in the cast and the other sees 
it on the horizon in the west, the angle which the earth’s 
diameter subtends at the planetoid is 0.05’. How far is the 
planetoid from the earth? (Radius of earth =6'278 x 10%) 
(15 million km) 


An exam candidate has forgotten whether the period of swing 
T of a pendulum of length / is given by 


T=2",/ ! or Tale Jt 
& 1 

where y is the acceleration due to gravity. 

(a) write down the dimenstons ot T, / and g. 

(6). 2 is a number and has no dimensions. What is x? Why 
does it have no dimensions ? 

(c) By dimensional analysis, which of the two expressions is 
correct ? 


The thrust (force) F developed by a rocket motor is given by 
F=mV +A( pi-pa) 
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where m=mass of gas ejected per unit time, 
V = Velocity of this gas, 
A = area of exhaust nozzle, 
P, =pressure of the exhaust gas, and 
Pa=:pressure of the surrounding atmosphere 


Show that this equation is dimensionally correct. 


5. The fundamental unit of time is the second, out several other 
units, such as the minute and the nour, are also in com- 
mon use. These are not related to the second by simple 
powers of ten. Suppose an autocratic government decides to 
introduce decimal time. The second, minute and hour are 
abolished and the day becomes the fundemental unit. As at 
present the day is taken to start at midnight, when the time 
is 0000 O'clock. Noon becomes 0°500 O'clock and the 
following midnight 1°000 O'clock. 

(a) what time is 0-750 0’clock ? 0:333 O'clock ? 

(6) what is the decimal equivalent of 10 p.m. ? 

(c) An exam is to run from 0600 to 0'725 O'clock. How 
long is this in decimal time ? in hours ? 

(d) what would be the principal advantages and disadvantages 
of changing to this system ? 


(a) 6p.m.,8 a.m (b) 0:972 O'clock ] 
(c) 0°125 day ; 3 hours. 
6. The distance of some of the nearer stars has been measured 


XO 


oS 


Yo 


Fig. 1.8 
by the parallax method. Fig. (1.8), which is not to scale, shows 
how this is done. 

Sis the star whose distance isto be found. When the earth 
is in position E,, a photograph is taken which shows the position 
of S relative to the very much more distant stars x and y. 

(a) Sketch - what this photograph would look like assuming 
that the earth and the three stars all lie in one plane, i.e. the 
stars appear along a straight line in the photograph. 


v a - a 
ee 
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(5) Six months later the earth has moved to B,, and another 
photograph is taken. Sketch how the three stars would look 


now. 

{c) S will appear to have moved relative to X and Y, and if the 
smallest parallax angle E,SE, that can be measured with accu- 
racy is about 10°’ radian, how far away is the star ? The dia- 
meter of earth’s orbit is 3 x 1074m ? 

(a4) Why must stars X and Y be much more distant than S ? 

(e) Calculate how far away a 10 p coin 2'4 cm, in diameter would 
have to be to subtend an angle of 10-7 rad at your eye, 


\(c) 3X 10m or 300 light years; (e) 240 km away)] 


Earth 


t«— —-_________ 1 par second 
(not to scale) ’ 
Fig. 1.9 

The parsec is a unit of length used by astronomers for describing 
distances outside the solar system, It is defined to be the distance at 
which the radius of the earth’s orbit subtends an angle of 1 second of 
arc, (Fig. 1.9) 

(a) Taking one radian to be 57°, convert one second of arc to 

radians. 

(b) If the distance from earth to sun is 1°5X 10m, how many 

meters are there in a parsec? 

(c) How does a parsec compare with a light year, which is 

9°5x 10%m ? 
[(a) 4:9 x 10-* rad (b) 3°1 x 10%* m (c) 3°3 light years.] 

8. Check the dimensional consistency in the case of the following 
equations : 

(i) S=Vot+1/2at? (ii) V=Vo +at (ili) FS=1/2mV?— 1/2m Vo" 
where S is the distance moved in time ft, V, and V are the velocities 
initially and at time ¢, a is the acceleration, m is the mass and F is the 
force acting. 

9. The acceleration ‘a’ of a particle moving on a circumference of 
a. circle depends upon the linear velocity ‘V’ and radius ‘r’ of 
the circle. Prove making use of the knowledge of dimensions 
thata=V*/r : mates : 

10. The time of oscillation of a small drop of liquid under surface 
tension depends upon the density p, radius r and surface tension 
o. From the knowledge of dimensions, prove that 

nok 
the period of oscillation T « 4) & 


11. Show that the equation for vertical distance travelled by a 
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freely failing body in time ¢, S=1/2 gt is dimensionally in- 
correct. Use the method of dimensions to obtain the correct 
form. - [S==1/2 gt*] 
12, Derive an expression for the frequency of a string stretched 
with a given tension. The frequency of vibration n of the string 
may depend upon: Mi Xe 
(a) the mass per unit length of the string (m), (b) tension acting 
on the string (T), (c) Length of the string (1) 
ae 
a= Tm 
13, Use the method of dimensions to show that the velocity V of a 
body falling freely under geavity is equal to K «/ gh where 
K is a pure number, A is the distance through which the body 
falls and g the acceleration due to gravity. 
14, The scattering amplitude (A,) of light depends upon 
(a) anaplitude of the incident wave (4,) 
(5) wavelength of the incident light (A) 
(ce) Distance of the point from the Scatterer (r) 
(d) Lincar dimension of the scattering particle (/). 
Using dimensicua!l theory show that the scattering amplitude 
Varies as 1/)*. : 
15. Find the dimensions of ¢, from the following relation 
Beal /4ie) 9194/7? 
where F& is the force between two charges q, and q, separated 
a distance r and charge.=current Xtime. [M~? L-* T* A*] 
16. Ifa planet moves round the suo in a circular orbit and its time 
period ¢ is found to depend upon, the radius of the orbit (a), 
the mass (m) of the sun and the Gravitational constant (G). 
Prove that the square of the time period of the planet is directly 
proportional to the cube of its distance. : 
17, Find dimensionally an expression for the critical velocity (Vo) 
nf the criticn! velocity depends upon the coefficient of viscosity 
(n); density of the liquid (p) and the radius of the spherical 


body (r) [ V.=K. 2} 


18, Reynold number Nz (a dimensionless quantity) determines the 
condition of laminar flow of a viscous liquid through a pipe. Nz 
ts a function of the density of the liquid ‘p,’ its average s; 
‘y’, and the coefficient of viscosity of the liquid “x. Given that 
Nez is also directly proportional to ‘d’, (the diameter of the 
pipe), show from dimensional consideration that 
Nao a 
[The unit of y in S.I. system is kg m-'s-+] 
[Delhi Senior Sec. 1980] 


UNIT 2 


MOTION 


2.1 INTRODUCTION 


That objects in the real world appear to be in a continual 
state of relative motion is one of the primary data of experience. 
Traffic moves in various directions in the streets, pedestrians move 
relative to the buildings, the sun moves over the sky, autumn leaves 
fall to the ground et¢. Like all teally fundamental ideas, the idea 
of motion is difficult to describe in Words, and attempts to do so 
inevitably reduce to circular statements like “Motion is when things 
move’’—with a shrug to indicate the speaker’s contempt for the 
oy of the question. Yet philosophers of all ages have pondered 
over the problems inherent in the definition of motion. The.- Greek 
thinker Zeno, and others following him came to the conclusion 
that the popular idea of motion is self-contradictory. Consider 
Zeno’s paradox of Achilles and the tortoise. The assertion was 
that Achilles ran 10 times as fast as the tortoise, yet, if the tortoise 
had (say) a start of 100 m, it could never be overtaken. For when 
Achilles had gone the 100 m, the tortoise would still be 10min 
front of him ; by the time he had covered these 10 m it would still 
be in front of him : and soon for cver. Thus Achilles would get 
nearer and nearer to the tortoise but would never overtake it. The 
resolving of the paradox depends on the recognition that the sum 
of an infinite series of terms need not be infinite, but this explana- 
tion rests on the assumption, which Zeno would not have admit- 
ted, that space and time are infinitely divisible. Consideration of 
ancient paradoxes such as this makes clear the need for a new 
language suitable for describing the motion of objects, and the 
purpose of the present unit is to analyze the essential elements 
of the simplest kind of motion—that in a straight line—in the 
language of calculus. 


2.2 DISPLACEMENT 


Consider an automobile travelling along a straignt suretcn of : 
road. At regular intervals of 100 m there are posted observers to 
record the times at which the automobile passes so that a complete 
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record of the motion can be obtained. The automobile starts 

posite one observer who may be called the reference observer 
and labelled 0. All time measurements are synchronized with him, 
and it is convenient to measure time from the instant the automo- 
bile starts. Thus for observer 0, t=0, and the times recorded by 
the other observers are the times that have elapsed since the 
automobile started. In the same way, the observer 0 may be taken 
as the reference point for the positions of the others. Thus succes- 
sive observers P, Q, R, ....-. to the right of O are said to be at 
positions, +100 m, +200 m, +300 m, etc. and obsezvers N, M, L,... 
to the left of 0 are said to be at positions —100m, --200m, etc. 
These are the coordinates of the various observers along the line 
of the road, and may be given the symbol x. Thus xp =+ 100 m, 
Xn= 4-300 m, x =—200, etc. The displacement of one observer 
relative to another is the coordinate of the first minus the coordi- 
nate of the second. Thus the displacement of observer P relative 
to observer M is xp —x =+100 m—(—200 m)=+300 m. This 
theans that P is 300 m to the right of M. Conversely the displace- 
ment of M relative to P is —300 m, since M is to the left of P. The 
coordinate or position of any observer is just his displacement, rela- 
tive to the reference observer. If the reference observer is changed, 
then all the coordinates will change, but the displacement of one 
point relative to another will not change. If in any interval of 
time the car changes its position, the displacement of the car is 
defined as this change o position. Such a displacement may be 
positive or negative according as the movement is to the right or 
the ieft, and the amount of the displacement is independent of the 
choice of reference observer. 


Thus in general it follows from the above discussion that 


a change of position of a particle is called displacement. 
Let a particle move from position A to position B (Fig. 2.1). Its 


nf 
A B 
Fig. 2.1. A displacement vector 
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displacement is AB, the. arrow_on the top signifying that the 
particle has moved from A to B. If the particle moves from B to A 


-_ 
(Fig. 2.2), its displacement will be BA. In either case, the magni- 


———— 
‘A B 


Fig. 2.2. Displacement 


tude of the displacement is th¢ same but the direction in the 
second case is opposed to that in the first case. 


The Nature of a Vector. In a three-dimensional space there 
are many physical quantities that have direction as well as magnitude. 
Such quantities are called vectors. For example displacement, 
velocity, acceleration, force, momentum etc. 


A quantity that has magnitude but no direction is called a 
scalar. Examples of sbalars are time; mass, speed, temperature, 
electric charge, volume, density, energy etc. 


The magnitude of a vector, a scalar quantity, is called 
—> 
modulus of the vector. The modulus of the vector AB (Fig. 2.1) is 


_—_ 
denoted by | AB | 


Symbol for a Vector. In print, the symbol for a vector is set 
in bold face type, whereas the symbol for a scalar is set in italics. 
The vector representing a velocity would therefore appear as V, 
whereas the corresponding speed would be V. In handwriting, this 
distinction is not possible and it is convenient to indicate a vector 


ay 

quantity by placing an arrow above it ; for example V, the magni- 

a of velocity is, however, represented by V or sometimes 
y I Vi. 


2.3 GRAPHICAL REPRESENTATION OF VECTORS: 


A vector is represented pictorially by a. line that is drawn in 
the same direction as the vector and has @ length proportional to the 
magnitude of the vector on some agreed scale. An arrow-head indi- 
cates one of the two possible directions along the line. 


Suppose, a body possesses a velocity of 30 km / h7-1 due 
east. If 1 cm is chosen to represent a velocity of }O km / Art 
a line OA, 3 cm long and drawn towards east with arrow-head at 
A (Fig 2.3), will represent completely the velocity of the body. The 
end where the arrow-head is marked is called the head of the vector, 


North 
pa > 
West East OQ A 
South 
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whereas the other end is callea tne tail of the vector. Thus in 
Fig. (2.3), A 1s the head and O is the tail of the vector OA. 


Similarly a velocity of 60 km per hour due north could be 
Tepresented by.a line with an arrow-head pointing due north and a 


of 6 cm, if it had been agreed that lcm was to represent 
10 km per hour, 


SS Fs 
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ized Coe ee St ae 
Fig. 2.4. Two equal Vectors’ Fig 2.5. Negative of a Vector 


Equal Vectors. Two vectors of the Same physical quantity 
are equal if they have the same length and drawn in the same 


> a 
direction. Fig (2:4) shows ‘two vectors A and B which have the 
same length and are drawn along the same direction, Hence they 
are equal, wherever they may be drawn. 


The negative of a vector is defined as atother vector having 
the same length but drawn in opposite direction. Thus in Fig. (2.5), 
> 


atk: 
the vector Q is equal in Jength but opposite in direction to vector P, 


> > 
Ms P =-Q 
Bt aie Keation of ‘ vector by 
A a scalar does not ¢ ange the 
ie La. direction of the vector but multi- 


Plies its magnitude by the scalar 
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in question. The vector A has 


- 
Muttiplication ps arene bya scalar magnitude A and vector CA, there- 
fore, bas magnitude CA and is in 


: > 
the same direction as A. Figure (2.6) illustrates this Point. 
Here Cm3, 


2.4 ADDITION AND SUBTRACTION OF VECTORS 


Scalar Quantities can be added Up according to simple rules 
of PH cathy For example if a vessel contains 10 kg of milk and 
another 5 kg of milk is added into it the total quantity of milk in 
the esse! becomes (10+5)=15 kg. But ii is not possele to add 
UP vector quantities according to simple algebraical rule:. Let us 
illustrate it by an example involving: two. displacements, 
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Figure 2.7 is a map of India. The displacement from Bom- 
— > 
bay to Bangalore is represented by the vector PQ. The displace- 
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Bangalore 


Fig. 2.7 


ment from Bangalore to New Delhi is represented by ine vector 
SS 

QR. From the point of view of one’s eventual location a trip rom 
Bombay to Bangalore followed by a trip from Bangalore to New 
Delhi has exactly the same end result as a trip directly from Bom- 


—_ 
bay to New Delhi. The vector PR is, therefore, exactly equivalent 


os -S 
to the sum of the vectors PQ and QR. This is written 


ee a ee 


PR = PQ + QR ve (2-1) 


Notice tnat this is a vector equation and must be clearly 
distinguished from an ordinary algebraic equation involving scalar 
quantities, with which the reader may already be familiar. It is not 
true for example, that 


PR=PQ+QR see (2-2) 


since one covers fewer kilometres in going directly from. Bombay 
to New Delhi than if one went via Bangalore, 
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Since the displacement PR i: .ne above example produces 
> 


_ - 
the same effect as the displacements PQ and QR together do, 
> 
therefore, PR is called the resultant displacement, The magni- 


-> 
tude and dircaion of PR depend upon the individual displacements 
—> —» 

PQ and QR aud their angle of inclination. 


Thus, the resultant of two or more vectors is a single 
vector which produces the same effect as the individual 
vectors together do. 


-—_ -—— 
The method used above to add the vectors PQ and QR and 
> 


obtain the vector PR was to construct a triangle PQR. This 
method works for the addition of any two vectors, whether they 
are displacements, velocities, forces or any other type of vector. 

Procedure is sometimes referred to as the triangle of vectors 
and is illustrated in a general case in. figure (2.8), To add the 
vectors A and Btonstruct a triangle in which A and B are adjacent 
pon The sum of A and B is then the third side CG and one can 


| CmA+B se (23) 


& 


() Component Vectors, (1) Triangl: of Veciors, (iii) Resultar ’ Vector 
Fig 2.8 
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Notice that the arrow-heads on the vectors being added 
together, A and B both proceed in the same direction around the 
triangle [counter clockwise in Fig 2.8 (ji)], but the arrow-head on 
the resultant vector C points in the opposite direction [clockwise in 
figure 2.8 (iii)]. The effect of C is exactly the same as the combined 
effect of the vectors A and B . Cis called the resultant of A and B, 
whereas A and B are the components of C. For ail practical pur- 
poses, the vectors A and B can be replaced by the single vector Cc. 


Thus according to triangle law of vectors, if a particle is 
simultaneously acted upon by two vectors and they can be represented 
in magnitude and direction by the two adjacent sides of a triangle 
taken in order, then the third side of the triangle taken in the 
opposite order completely represents the resultant vector of the two 
component vectors. 


Again consider two vectors A and B acting upon a particle 
simultaneously inclined at angle @ [Fig 2.9 (i),], Move B parallel 


Ss Q 
’ RAB AS EO 4 
B BY 
g Pac a 
A ° A p M 
() (ii) 
Fig 2.9 


to itself till its tail touches the head of A as shown in Fig. [2.9 (ii)] 


—+ > 
_ Let OP and PQ in Fig. [2.9 (ii)] represent in direction as well 
as in magnitude the two vectors A and B respectively. The vector 


— — — 
OQ which connects the foot of OP and the head of PQ represent 
the resultant vector C. 

Now complete the parallelogram OPQS. As mentioned above, 
os — —s ’ 
OQ is the resultant of OP and PQ ; 


a 


cr OP+PQ=0Q 
> 
But OS=PQ=B (as both the vectors are equal and parallel) 
ed 


OP+0S=0Q 
— -_ 
Now OP and OS, which represent the two vectors A and B respec- 


28 
tively, constitute the two sides of the parallelogram meeting at O 


> 
and OQ which gives the resultant vector G, is the diagonal of the 
parallelogram passing through the same point O, This method of 
finding the resultant of two vectors is known as Parallelogram 
Law of Vectors and may be stated as below :— 


If a particle is simultaneously acted upon by two vectors repre- 
sented both in magnitude and direction by the two adjacent sides of a 
parallelogram drawn froma point, the resultant is represented both 
in magnitude and direction by the diagonal of the parallelogram pass- 
ing through the same point. 


To calculate the magnitude of the resultant vector C, draw 
_ from Q a normal QM on OP produced. 


Now ZSOP=/7QPM=/0 
In rt. Zd. A OMQ, 
0Q?=0M?+MQ2 
or | C|2=(OP+PM)!+MQ2 where |C]| stands for the 
nagnitude of the resultant vector. 
Now in rt. Zd A PMQ, 
i cos 8 
-. PM=PQ cos 6= | B| cos 6 
Similarly MQ=PQ sin 0= |B | sin 6. 
Thus, 
1G] [| A! + | B| cos 62+ | B|® sin®o 
= |All 2+ |B] %cost04+2/ 4] 1B cos 
: + | Bi 2sin%o 
= 1A [2+ |B] 2 (sintd4-cos? 42] A| |B] cos 
=|Al®&+|B/*+2] A] | B| cos 
(‘" sin? 64-cos* 0=»1) 


or |G] =4/T A341 812421 Al 1B] ood vas(2-4) 


Thus the equation (2-4) gives the magnitude of ‘resultant 
of two vectors inclined at an angle. 


To: determine the direction of the resultant ¢, 
be the angle which it makes with the direction of ‘4. oo 


_ QM [Blane 
Now | tama oo Gale UES Byes 0 ++.(2-5) 
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Thus knowing, Bn |, |B and 0, the value of « can be 
determined from the tables. 


Special cases :— 
(i) If the two vectors A and B are acting along the same 
direction 8=0°. Therefore, the resultant is given by 


|| =/7A[#4+ 1B 24+2]/Aj{ | B[cos0° 
=/TA[2+1B|2+2|Al1Bl (-.: cos 0=1) 
=V(TAI+ 1B! 

or [|C|=/Al+ |B (2-6) 

(ii) a ere two vectors are acting at right angles to each other, 


“ [Gl =dTAT?+ [B1242( AT [BI cos 90° 

or |Cl=V/|A|2+/B]? (." cos 90°=0) 
++.(2-7) 

(iii) . ep veigies vectors are acting along opposite direction~ 


1C| = 7A[2+ [B12+21 A] | B| cos 180° 


<V TATE TET =2T A TBI 


* cos 180°=—1) 
=V({A eee |B] )? 
or |C|=|A|~1B] +s(2-8) 
[Note :— (| A| ~ |B) means the positive difference between 
;A| and |B] ] 
A similar procedure is used to add together more than two 
vectors as illustrated in Fig. (2.10). The vectors are joined 


: 7 
E R/ 
“ 
(s) Component Vectors (0) Polygon of Vectors (c) Resultant Vector 
Fig. (2.10) 
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together, following one after the other with tail joined to head. 
The resultant is then obtained by joining the tail of the first vector 
to the head of the last vector. This diagramis.sometithes called the 
polygon of vectors. Thus in Fig. (2.10) A, B, C, D and E Tepre- 
sent a number of vectors, drawn along their given directions. The 
Tesultant, as explained above, is given by the vector R where 


R=A+B+C+D+E ++(2-6) 


There is no reason why the vectors should all be in the same plane. 
It is easy to imagine a skew polygon with individual vectors jutting 
‘out in various directions in three dimensional space. Consider, 
for example, the case of a person ona shopping trip who travels 
from home toa variety of stores before stopping at a restaurant 
for lunch Fig. (2.11 a). Ifwe wish to work out the overall dis- 
placement between home and the lunch stop, we represent each 
stage of the journey—between one store and the next—by a ‘vector 
arrow and sum all the vectors by placing the tail of each arrow on 
the head of the Preceding one [Fig, 2.11 (b)] 


Notice that the arrow-heads on the component vectors are 
all pointing in the same direction around the polygon, whereas the 
artrow-head on the resultant vector Points in the opposite direction. 


Resultant 


(a) (0) 
R tation of a shopping trip with 
ron aspen ee Seen 
Fig. (2.11) 


Commutative Law of Vector Addition : 


Let us add two vectors A and B graphically [Fig 2.12 (i)]. To 
do 80, move vector B parallel to itself till the initial point of B just 
touches the terminal point of A [Fig 2.12 (if). Then the resultant 
is given by ‘the vector C which connects the initial point of A to 
the terminal point of B, Thus we may write 


A+B=0 
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It is further seen from Fig [2.12 (i)] that the resultant vector is the 


(é) (ii) 
Fig. 2.12 Commutative Law 
same even if the orders in which the vectors are added is reversed 


ie., B+A=C 


+: (2-7) 


Thus, in adding two vectors A and B, the order of addition 
makes no difference. This is called Commutative Law. 
Associative Law of Vector Addition: 

Let us add three vectors A, B and C, We can first add A and 
B to find their sum D i.e, D=A+B which can then be added to CG 
to find the resultant R [Fig 2.13] 

R=D+C or R=(A+B)+C 

It is further clear from the figure that the resultant is the 
same if B and C are first added to get Ei.e., 

E=B+C which then is added to A. 


Fig. 2.13. Associative Law 


ib ol 
Thus, (A+B)+C=A+(B+C) ++(2-8) 
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Since the vectors can be grouped in any order, the vector 
addition is associative. This is called Associatve Law. 


Subtraction of Vectors : 


vg M 
a 
8 
tL O=A+(-B) “N 
(a) Two vectors (b) Subtracting B from A 


A&B 
Fig. 2.14 Subtraction of Vectors 

Let B be a given vector which has to be subtracted from an- 
other vector A [Fig 2.14(a)]. The procedure is very simple. Reverse 
the direction of B and then additto A, This is shown in Fig. 
(2.14 (b)] where LM represents A and NM represents—B. LN 
represents D the sum of A and —B, that is A—B. The reader can 
easily convince himself that, if 


Example 2.1: An aircraft is trying to fly due north at a 
speed of 100 m/sec but is subject to.a cross-wind blowing from the 
West to the East at 50 m/sec. What is the actual velocity of the 
aircraft relative to the surface of the earth ? 


Solution. 


then 


N 50 in/e 


2:13 


The aircraft flies northward at 100 m/sec relative to the air, 
but the air is moving eastward at 50 m/sec, so the resultant velocity 
of the aircraft is the vector sum of there two velocities. In the 
vector diagram of Fig (2.15), let us assume that the scale is 1 cm= 
20 m/sec.. The northward velocity of the aircraft is therefore 
represented by a vector 5 cm long and the eastward velocity of the 
air by a vector 2.5cm long. Drawing the triangle of vectors, 


-——> 
PQR, the resultant PR is 5°59 cm long and the magnitude of the 
resultant velocity is therefore 5°59 x20=111'8 m/sec. The angle 
QPR, which the resultant makes with the northerly direction. can 
be measured with a protactor and is found to be 26°5°. 


Thus the actual velocity of the aircraft relative to the surface 
of the earth is 111°8 m/sec in a direction N 26° 30’ EB. 


Example 22: A motor boat can move with a maximum 
speed of 10 m/sec, relative to the water. A river 400 m wide 
flowing at 5 m/sec must be crossed in the shortest possible time to 
seach a point on the other bank directly opposite the starting 
point. In which direction must the boat be pointed and how long 
will it take to cross ? 


Solution. 


pie SE > 8 : 
ae 10 m/s. Y 
> 


Fig. 2.16 


If the boat were pointed directly at the opposite bank, then 
during the crossing it would drift downstream and it would not 
reach the other bank at the point directly opposite the starting 
point. It must, therefore, be pointed in a direction tilted in the 
upstream direction as shown in Fig (2.16). As illustrated in the 
vector diagram PQR, the result of adding the velocity of the boat 
relative to the water to the velocity of the water must be a resul- 
tant velocity V pointing directly toward the opposite bank. We 
cannot draw this triangle of vectors immediately because we do 
not know the angle ® between the direction of motion and the 
direction straight across the stream. However, inspecting the 
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triangle PQR and remembering that in trigonometry the sine of the 
angle @ is defined as ; 


We refer to tables of sines and find that the angle whose sine 
is 0'5 is 30° 
The boat must, therefore, be pointed upstream at an angle of 
30° from the direction perpendicular to the bank. 
Applying Pythagoras’ theorem to the triangle PQR 
PQ2=QR?2+PR2 
or PR2= PQ?—QR? 
that is, | V | 2=U0)2—(5)2=75 
| V | =V75=8.66 m/sec. 


The boat, therefore, crosses the river at the speed of 8.66 
m/sec. Since the distance across the river is 400 m, the time taken 


400 
8°66 
2.5 RESOLUTION OF A VECTOR 


A single vector may be split up into two or more vectors 
along given direction: which, when applied together, will produce 


is =46°2 seconds. 


Fig. 2.17 


the same effect as the single vector does. This process of splitting a 
vector into two or more vectors is known as the resolution of a 
vector and the parts so obtained are known as the components of 
a vector. 

Whereas two or more vectors have got a single resultant, a 
given vector may be resolved into its components in an infinite 
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number of ways, because the adjacent sides of any parallelogram, 
whose diagonal represents the given vector, Hed the possible com- 


ponents. Thus in figure (2.17), the given ia iy OR can oe tesetted 


ee its Poe agra bi several ways such as oP and PR. or and 
PR 60 and OR f 00! and aR etc. 


Rectangular components : 


It is very convenient to resolve a given vector into two 
components at right angles to each other where one of the 
components makes a given angle with the direction of the given 
vector. Such components are called rectangular components or 
resolved parts. 


(a) (6) 
The Original Vector The Triangle of Vectors 
l 
1 
get 
Ay, 
Ag! 
‘ 
L 
Or) gen Seen 
Ax x 
(c) 
> > 
The two rectangular components Az and Ay. 
Fig. 2.18 


os 
Consider any » .or A, as in figure [2.18 (@)]. With the 
starting point of the vector as the origin O, draw any two axes OX : 
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and OY at right angles to one another. Let the angle between OX j 
> 
and the direction of A be 0, which is determined by our initial 
> 
choice of the direction,OX. From the end R of the vector-A drop 


@ perpendicular RQ to the axis OX (the RQO is then 90°). 
Now consider the Pane of vectors One in +8 (5)). 


Clearly 
-> —> > 
OR=0Q+QR 
or a (211) 
A =Ae+Ay 


The original vector of figure (2.18 (a)] may therefore be 
removed and replaced by the two vectors a and Ancof figure 
{2.18 (c)]. ne aa are called the two rectangular components 
of A ay is the x-component (or Horizontal component) and 
A is the y-component (or Vertical component). 

In the triangle ORQ the cosine of the angle 0 is defined as 


OQ _As 
cos 0 OR =A 
Therefore 
As=A cos 8 ++-(2-12) 


Similarly the sine of the ungle 0 is defined as 


—QR_ Ay 
sin 6= R= 
Therefore, 
Ay=A sin 0 | ++(2-13) 


Given a magnitude “A of the original vector A and the angle 
€ it makes with the axis OX, the Tectangular components are there- 
fore found by using the two formulas 


4Aa=A cos 8 and Av=A sin 0 


2.17 


: ~ dire 
Since the component Az making an angle @ with A ; Axis given’ 
by A cos §, it follows that the resolved part of a vector in‘a given 
direction is equal to the product of the given vector and cosine of the 
angle ‘between the line of the vector and the given direction. : 


Applying Pythagoras’ theorem to t OR f fi, 
218 on ig Pythag riangle Q of figure 


OR?=0Q?+QR? 
or A2=A,?+A,? 


| A=dA2A® | vee(214) 


The definition of the tangent of the angle 6 is 


tan = 3 =" ves (2415) 


This may also be written 


«-.(2-16) 


which means that § is the angle whose tangent has the value & 


Given the number. *, tables are available to find the angle 
whose tangent is equal to this number. 


> > 
If we are given two rectangular components As and Ay of the 
> 
vector A. the magnitude and direction of the vector itself may 
therefore be found using the two formulas 
A=V/AP+A> 


and 6= tans 4 ) 


Example 23. Ar aircraft of Indian Airlines is climbing with 
a eaedy sree of 200 m/sec at an angle of. 20° to: the horizontal. 
What are the horizontal and vertical components of its velocity ? 
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Solution. 


A= 200 mie 


20° 


A Ay=200 sin 20° 
1 
1 
! 
{ 
' 
' 
1 


A,=200 cos 20° 


Fig, 2°19 
Refer to Fig. 2°19 
Horizontal component=As=A cos 6=200 cos 20° 


Vertical component=Ay=A sin 6=200 sin 20° 
Trigonometric tables tell us that 
cos 20°=0'9397 and sin 20°=0°3420 


Horizontal component =200 x 0°9397 
=187'94 m/sec. 


Vertical component=200 x 0°3420 
=08'40 m/sec 


Notice that. the sum of 187 94 and 68°40 is mot 200, but you 
can check that \187°94)?+(68'4)2=(200)?._ This sort of extra check 
on the results of a calculation 1s a good policy ; since it helps to reveal 
any theoretical or arithmetical errors that might otherwise go 
undetected. 

Exemple 2.4. A boy can throw a ball horizontally with a 
speed of 20 m/sec. If he performs this feat in a car that is moving 
at 30 m/sec in a direction perpendicular to the direction in which 
he is throwing, what will be the actual speed and direction of 
motion of the ball ? 


2:19 
Solution. 


If the resultant velocity is R 30: ms 
m/sec at an angle @ to the sirection 
in which the car is moving, then 


R?=(20)2+(30)2=1300 
or R=4/71300 "== 36'06 m/sec. 


205.54 -- 
Also, tan 6= 30 =0°666 20 mis Rms 


Fig. 2.20 


From tables of tangents, 02=33'69°. Therefore, the ball has a 
speed of 36:06 m/sec in a direction at an angle of 33°69° to the 
direction in which the car is travelling. 


2.6 SCALAR (DOT) PRODUCT OF TWO VECTORS: 
-> > 
The scalar or dot product of two vecters A and B is defined 
as the product of the magnitudes of the two vectors and the cosine 
of the angle between them. This can be written as 


= 


A.BS'YA) | Bicone w(2-17) 


> 
where | Alis the m2gnitude of A, 
> 
| B| is the magnitude of B, 
Fane =>. 
and 6 is the angle between two vectors measured from A to B, 
°-o > > 
[Note—A.B is read as A dot B] 


Since | A] and |B] are scalars and ccs@ is a pure 
number, the scalar product of two vectors is a scalar quantit ys 


a In Fig. (2'21), | B| cos 6 
& > 


: is the component of B en 
> 

A. Hence scalar product of 
: two vectors is also defined as 
i the “‘the product of the muagni- 
i -3 tude of one vector with the 
b<——|B] cos g ——> A scalar component of the cthe: 
vector in the direction 0 the 
Fig 22! first” 
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> > 
As an example, let F represent force and S the displacement 
oS 3 
inclined to cach other at an angle 6. Then F .S= | F | |S | cos 6 
is a scalar and represents the work done by the force. 


Again Gravitational potential energy (U) is the scalar product 
of Weight and height i.e., displacement. 


pain ae 


U=W h=mg.h 


Properties. The following properties easily follow from 
the above discussion on scalar product. 


(i) When 0=90°, the dot product of twe vectors become 
TO, 


> > 
If A and B are two vectors perpendicular to each other we 
ve 


~~ => 
A B=([A| | B| cos 90°=0 


(ii) When 0=0°, the dot product is the same as the product 
of the magnitudes of the vectors, : oe 


>_> 
A.A=|A]]A|cos0'=[(A|2 : 
[cos 0° m1) 
(iii) From the definition of dot product, it is obvious that, 
Ao emt wane Con cugtcans sigs 

» B=B . A, sinceCos (—0)=Cos 6¢-in bo . Th 
product is thus Commutative. aot o.beaet 


(iv) Scalar product is distributive ie., 
Sl ie a a ee ee 
A (8+O)=A. BtA.C., 
To prove it let us refer to figure 2:22 involving three vectors 


me 
Se 
8 
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a 
A, Band C. Pertti angie between A and B bea and between 
> > 

A and C be 8, Lot R, the resultant of B and C, make an angle ¢ 


> 


with A. 
a a ee 
NowA. (B¢Q=A.R 
=([A| |R{ cosé 
=|A|(Q 


> > 
where OQ is the component of R along the vector A. 
>_> 


Further, A B=|A| [BI cosa 
= [41 (OP) 


>_> 
and A.C=|A| |G| cos8 
=| A] (PQ) (: PQ=LM) 
Since | A | (OQ)= | A | (OP)+ | Aj (PQ), it follows that 
ls ili ln Me Ee 


A (B+Q=A. BHA. C 
2:7 VECTOR (CROSS) PRODUCT OF TWO VECTORS 


> 
The vector or cross Product of two vectors A and B isa - le 
vector C whose magnitude is equal to the product of the s 


of the given vectors multiplied by the sine of the smaller an, i bet- 
ween them. 


> => 
Thus the vector product of two vectors A and B is given by 


> > > 


C=AxB=|A| |Bj‘sin® +«6(2-18) 


> 
where |A| is the magnitude of A 
and | B.| is the magnitude of rt 

The magnitude of the resulting vector ra is given by 


| Herm AL im ne (219) 
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iss . 
The direction of C is perpendicular to the plane, containing 
> —> 
A and B and is given by right-hand Screw Rule. 


> > 
¢ r\ x8 2 oe x 3 ; 
a 
epee, ° a 
J yen 
yc 
4 
ise ‘ 
Pp x () 4 : 
(i) Right hand screw. rule (ii) (iii) Right hand rule 


Fig. 2°23 Cross Product of two vectors, 
Let us imagine the rotation of a right-handed screw whose 


— > 

axis is perpendicular to the plane containing. the: vectors A and B 
> > 

Fig. [2°23 (i)}.. If we turn the screw from A to B through the 

smaller angle 8 between them, then the  ditection along which the 


ian: 
screw advances gives the direction of the resultant vector C. 


5 z — 
Another rule of fixing the direction of C. is right-hand rule. 
Let the right hand be held as shown in Sigure [2°23 (iii)] with the 
thumb erect and fingers folded round. Let the direction of thumb 
— > 
be perpendicular to the plane containing the vectors A and B. Uf the 


: > => 
direction of rotation of vector from A to B is the same as the direction 
of folding of fingers, then the thumb points towards the direc- 


a 
tlon of the resultant vector C of vector product. 


3S 
As &n example, Torque + is the vector product of position 
> > 

vector r and force vector F. 


~-~_ > > 
FiwerxF 
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are 
Again, Angular Momentum L is the vector product of 
> > 


position vector r and linear momentum vector p. 


> Oo 
L=rxp 
> 
Also, Linear Velocity yv is a vector product of angular velo- 
> > 


city vector w and position vector r. 


is 
y=uwxr 


wroperties. The following properties easily follow : 
(i) The vector product of two vectors is a vector. 


(ii) If the two vectors are at right angles, their vector 
product is equal to the product of their magnitudes and in a direc- 
tion perpendicular to both the vectors. 


Thus if 6=90° 
> 
C=|A| |B] as sin 90°=1. 
(iii) The vector product is anti-commutative i.c., 


i 


AXBABXA 4 
But AXxB=—BxA 
The reason is that when f) ) 
right hand screw is rotated from 
Ce i an 
A to B, it advances in a direction || 


opposite to that when it is rotated 


> > 
from B to A (Fig 2'24). The vec- 
tor product changes the sign when 
the order of vectors in the product 
is reversed. 


(iv) If the two vectors are | 
parallel, their vector product vani- 


¥, 
shes C=8 x? 


ad : 
C=AXB= | A]B | Sin 0°=0 Fig. 2:24 
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(v) The vector product is distributive i e., 


Se i il a a a ao >_> > 
Ax(B+C)=AxB+AxC where Band C 
Y 


Fig. 27° | 


are. me ere: hetahese three vectors lie in the same plane. 


Let Brand rd be inclined to 4 at anglesa and 6 respectively [Fig. 


> => 
Now AXxB=|A| |B] sine 
an 
=A (OP) 
>> 
and AxC=]A] |C]{sing 
> 
=A (PQ 
> > = 
If the vector(B+C) makes an angle # with A, we have 


~~ So 


Ax(B+C)=| A| | (B+6) | sin 8=A (00) 
> > > 
Since A (CQ)=A (OP)+A (PQ), it follows that 


> => > 
AX(B+Q)=AxB. B+A: xe 
(vi) We know that 


[C/=|A] |B] sino 
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But | B| sin 6=A, the height of the parallelogram formed 
> > 
by the two vectors A and B as sides [Fig 2°23 (i)]. 


| C | =| A | h=area of the parauciogram. 


Thus the magnitude of a vector product is equal to the mag- 
nitude of the area of the ||gram formed by the two vectors as sides, 


28 KINEMATICS 


Kinematics is the study of motions considered abstractly 
without any reference to‘force or mass. In the present chapter 
motions in nature will be treated purely analytically and geometri- 
cally, no account being taken of their physical cause or of their 
relations with the forces producing them. In every day life, we 
generally come across three types of motion. 


() Linear Motion (ii) Rotational Motion and (iii) Vibratory 
Motion. 


For example a rolling wheel is an example of a body 
sing both linear motion and rotational motion. A pendulum of a 
clock has a vibratory motion. 


In this chapter, we shall consider the simplest case of a 
linear motion of a body, treating it as.a particle. 


2:9 SPEED AND VELOCITY 


To understand the basics of motion or kinematics better, we 
must understand the concepts that relate displacement and dis- 
tance to time in studies of motion. These concepts, one a scalar, 
the other a vector, are speed and velocity. 


SPEED 


The simpler of the two, because it is a scalar, is speed. 

is ‘the ratio of the distance travelled by any object, 

irrespective of its direction, to the time it takes to travel 

that distance. Speed involves both distance and time. Therefore 
its unit in SI system is metre per second (m/sec or ms-1) 


Ordinarily, the speed of a body does not remain uniform over 

a certain time interval we are considering. For instance, a bus; 

that carry passengers between Delhi and Agra, with a half dozen 

intermediate stops, gains speed when it starts from a station and 

loses speed when it is approaching a station. Ape it slows down 

i motion while passing over the bridges etc. It also changes its 

| direction quite often while proceeding along its journey. Thus the 
_ Speed of the bus is not uniform but variable. When the speed of 
& body varies, then we should use the term average speed since we 

are determining the average value of the speed over the time 

iterval we are considering. Thus the average speed of a body 
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between two points is measured by the total distance covered by the 
body between those points divided by the total time taken by the body 
to travel that distance. Mathematically, this is expressed as 


Average speed= = where x is the distance covered by the 


body in time ¢. 


At various points on the journey, hdwever, the speedometer 
in the bus driver’s cab may register a speed of anything say 
between zero and 60 kmh. The average speed say 40 kmh~!, 
is the speed of the bus over the whole journey, taking into account 
all delays and speed ups on the way, while the reading on the 


Agra 


Distance (S) 


ro 5 
New Delhi Fae (Y ¥ 


Fig. 2°26 


speedometer is the instantaneous speed at the time the driver 
glances at the instrument’s dial. The relation between average and 
instantaneous speed is best depicted diagrammatically in’ Fig. {2'26] 


VELOCITY 


Velocity, the vector, is related to speed in the same 
way that displacement is related to distance. It is the rate 
of displacement ic., it is the ratio of the displacement— 
which takes account of direction as well distance—to time 
interval. Thus, while a bus driver looking at his speedometer 


obtains only a measure of his speed alone, an airplane navigator - 


referring to his instrument calculates his vehicle’s actual velocity— 
a neo because winds can alter the direction in which planes 
travel. 


The velocity of a body like speed is also expressed in metres 
per second (ms!) or kilometre per sec or kilometre per hour 
(km h-4). Its dimensions are M°L1T-1, 


d 
‘ 
. 
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When the velocity of a body is constant, the velocity is very 
simply defined as the distance travelled divided by time taken ; 
but when the velocity changes with time (i.e., either its speed 
changes or direction of motion changes or both change), then a 
more careful definition is required. 
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Let us consider a particle to the moving along positive 
x-direction as shown in Fig. (2.27). Under this circumstance the 
instantaneous position of the particle‘is uniquely determined by its 
distance from the origin 0, that is, its x coordinate. At atime h 
let the particle be at a point A and at a distance x1 from 
the origin. Let the particle reach point B at position xg at the time 
ta. Here we see that the distance travelled by the particle depends 
on the time. Mathematically we say that the distance travelled by 
the particle is a function of time interval. 
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If the distance travelled by the particle in the above case is 
plotted on a graph as a function of time we get the graph as shown 
in Fig. (2.28) points A’ and B’ correspond to points A and B. From 
the graph, it is clear that, however, complicated the motion during © 
this time interval, the net distance travelled is (xz2—x,) and the time 
taken is (tg—%)). The ratio of the displacement of the particle 
(x2 —x4) to the' time interval (f2—1%) gives the average velocity 
between A and B. 

Displacement 
Time 


Average velocity=V = 


= Ax 
or V = er 


tance covered by the body in a very small interval of time At. 


where Ax is a very small dis- — 


However, the siriplicity of this definition can be deceptive. 


Y; 


(ii) 
Fig. 2.29 


Fig. 2'29 illustrates two ways in which the particle might 
have travelled between the two points A and B, and in both cases 
the average velocity reveals very little about the true nature of 
the motion. What is really needed is a definition of the ims- 
tantaneous velocity at each definite instant of time during the 
motion. Notice for example, that in figure [2°29 (i)} the instan- 
tancous velocity at time fi is to the left, whereas the average 
velocity between fy and f2 is to the right. The way to avoid this 
difficulty is obvious i.e., choose the instant of time f2 sufficiently 


Note. A bar above V implies that it is some sort of average. 
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close to t so that the motion has not had time to reverse itself 
during the interval (t.—1), and then, at least, the Sody will always 
be travelling in the same direction. Even so the magnitude of the 
yelocity might change so much between i & t2 that the average 
velocity would bear no direct relationship to the instantaneous 
velocity at time t;. Suppose, for example, that the particle starts 


out very slowly and covers only 00° of the distance. (xe—x)) 
during the first.half of time interval (ta—t), but then suddenly 
accelerates and covers the remaining joo during the second half 


of the time interval. After thinking about cuch examples, it becomes 
clear that the only way to avoid such difficulties is to make the 
time interval (t2—1)= At so short that the velocity does not have 
time to change between #4; and tg. Since we cannot. in general, know 
how rapidly the velocity is changing, the only thing to do is to 
make (t2—t;)= At very small indeed. How small? The mathe- 
matical answer is that although At must be larger than zero, it 
should be smaller than any number you choose to quote, however 
small. The practical answer is that At must be as small as possible, 
subject to the conditions that the small distance (%a—21)= Ax and 
the small time interval At. can be measured with sufficient accurac 
for the purpose in hand, bearing in mind thatas quantity tose 
very small, it becomes increasing more difficult to measure it. 


This complicated discussion has been given to emphasize two 
points. Theoretically, the instantaneous velocity-of a body is found 
by studying its motion over a very small time interval—the smaller 
the better. In practice, however, the motion has to be measured 
with instruments of limited accuracy and this automatically places 
a limit on how small the time interval can be. We must fully 
realize that our knowledge of the universe is limited by the crudity 
of our methods of observation, and, as these methods are improved 
and their accuracy increases, we should not be surprised to find 
that new and finer details are revealed, 


The thoughtful student might object that in fact there is a 
‘true’ velocity of the body and that we can imagine a perfect 
measurement with instruments refined to the point of perfect 
accuracy, and we can then use the mathematical approach of 
making the time interval as small as is necessary to reveal all the 
fine details. This eminently reasonable argument is refuted by 
modern physics. One of the fundamental features of quantum 
mechanics is that it will not allow us to decrease the size of the 
time interval without limit. If we attempt to do this, however per- 
fect our measuring instruments, there comes a point where an 
accurate measurement of velocity becomes impossible. Fortunately, 
in the case of an every day moving object such as a cricket ball 
this point is not reached until the time interval has the incredibly 
small value of say 10-%5 seconds. So we are not aware of this in 


every day experience. 
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At this-stage let us be satisfied with the well behaved nature 
of a balls and the definition of instantaneous velocity is as 
follows : 


The instantaneous velocity of a body is the actual value 
of the velocity of the body at any point of its path or at any 
instant of time. It is obtained by dividing the distance it 
travels by the time taken, with the time interval as short as 
it possibly can be without exceeding the limits of accuracy 
ofthe measuring equipment or runnning into difficulties 
raised by Quantum mechanics. 


Let us find the mstanraneous velocity of the particle (Fig, 2:27 
and 2°28) at the point A. Tne average velocity between A and B is 
associated with the entire displacement Ax and with the entire time 
interval Ai. Move the point B (Fig 2°28) closer and closer to the 
point A’ and calculate the average velocity for shorter and shorter 
time intervals. When the time Az is very small such that At->0, 
then points A’ and B’ are very close to each other and the line A’B’ 
nearly coincides with the tangent line at the point A’ (Fig 2°28). 


Then the velocity calculated by the ratic os in the case when 
At—0 gives the instantaneous velocity at the given instant and is 


: Ix ONT ONG Se ctee 
written as). Here —_ is called the derivative of x with respect 
i 
tof. 


Mathematically we can exnress this statement as 


Lt ( Ax )--¢ sse (2-20) 
Ats0 At dt 


| Instantaneous Velocity =V= 


In the (Figure 2°27) as the point B approaches point A, point 
B’ approaches point A‘ in (Figure 2°28). In the case when At->0 
(which is also’ known as limit of A‘) the slope of chord A‘B’ equals 
the slope of the tangent to the curve at point A’. The instantane- 
ous velocity at any point of x—t graph is equal to the slope of the 
tangent to the graph at that point. 


The velocity of a particle is said to be uniform if the displace- 
meat of the particle in equal intervals of time are equal, however 
small these intervals mav be. 


Suppose, a particle is moving with a uniform velocity of 
30km. h1 jn aparticular direction, say, towards South. It 
insplies that the direction of motion of the particle is the same 
sroughout. namely, towards the South and that in every half-hour, 
it moves 15 km 5 in every one minute, half km; in every 


one second, 770 of akm and in every one hundredth of a 


PKs 


secondsra5-aagof a kmand'so'on. Even if we'comsider very short 


possible equal intervals’ of time, the distances travelled in those 
intervals will be equal. This is what we mean by: uniform veloci 
and ent the-significance of the words“however smallthesemterval 
may be. 


Example 2'5. On February 20, 1962, American astronaut 
John Glenn orbited the earth three times, a distance of approxima- 
tely 120 000 kilometers in 4 hours and 56 minutes. Compute the 
caer speed and the average velocity of his’ mercury’ capsule in 


Solution. The average speed V is given by the total distance 
covered divided by the time required for the journey. 
7 x 120000 


v =F = 703 =24°3 x 108 km/hr 


_ Note that while Glenn’s velocity was changing each instant 
during his trip, since his direction of motion was changing conti- 
nuously, his speed was essentially constant. 


Now the average velocity over the three complete trips was 
actually zero, since Glenn's total displacement was zero. He wert 
around in a circle returning to his starting point 


2:10 ACCELERATION 


Acceleration is a familar word to almost everyone, and in 
physics it is an extremely important quantity. We must, therefore, 
define it carefully in an exact manner. Wher. we “take off” in our 
car from a stop light at the instant the! ligh: turns green, we say. 
that we accelerate. We have changed our speed in this case in a 
positive manner ; increasing it with time? When we put on our 
brakes ina car to stop the machine we ‘‘decelerate”, a special 
type of acceleration referring to a decrease in speed with time. 
This rate of change of velocity with'time is known as accele- 
ration. Whereas velocity is the ratio of the displacement to the 
time taken for the journey, acceleration is the ratio of the 

velocity to the time over which this change occurs. 


If AV is the change in velocity of a particle in a short time 
interval At, then the acceleration ‘a’ is given by 


a= 8 x where'a is'a vector since / V is a vector. 


Acceleration is generally measured in metre per second? 
(ms™?), It can be both positive in magnitude, representing an 
increase in speed; or negative in magnitude, representing a decrease 
in the speed, commonly called deceleration or retardation. The 
dimensions of acceleration are M°L1T 2, 
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Because velocity has both magnitude and direction, any 
vehicle or other object caf accelerate in either of two ways. The 
“Magnitude of the velocity, the speed, can change, or the direction 
in which the object or vehicle is moving can change, or both can 
change simultancously. Clearly, an object that speeds up or slows 
down even if it still maintains its original direction is undergoing 
acceleration. However a model electric train moving around a 
circular track at constant ‘speed is also accelerating hecause the 
_ direction in which it moves is constantly changing. 


For a more general motion, such as that ofa car on the 
Grand Trunk Road or a train on its tracks, both speed and the 
direction of motion are changing constantly. To simplify our 
discussion in this section, we shall limit our study only to motion 
im one dimension i.e. along a straight line (rectilinear motion). This 
will enable us to consider accelerations as changes only in speed. 


Like speed and velocity, acceleration can be measured in both 
average and instantaneous terms. 


Fig. 2°30" 


(Fig. 2°30) shows a particle moving along X-axis. The veetor 
Vi, Tepresents its instantaneous velocity at point A and *ector Va 
‘Tepresents its instantaneous velocity at point B. (Fig. 2°31) is a 
raph Of instantaneous velocity (V) as a function of time (x). 
‘oints A’ and B correspond ‘to points A and B in (Figure 2°30). 
The average acceleration of the particle as it moves from A to B 
is defined as the ratio of the change in instantaneous velocity to the 
elapsed time, 


Average acceleration= Change in insta instantaneous velocity 
Time taken 
or a NaS Va AV, 
4a-n At 


s 
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The instantaneous acceleration of a ‘body i.e. the accélera- 
tion at a given instant of time, is defined in the same way as instan- 


v 


“, 


Velocity (v)—» 


Time (t) ——> 

Fig. 2°31 
taneous velocity. The instantaneous acceleration at the point A is 
defined as the limiting value of the average acceleration w! Lat 


B is taken very close to A. This means if At is taken ex 
small, AV also becomes proportionately small. If As—+>0 as a limit, 


‘the average acceleration a becomes the instantaneous ~cele- 


‘ration at the given instant. Thus 


Instantaneous acceleration= Lt. 
a) At+0 
Ss vee 
Aue a= F(a at (2s) 
or q= 4 we. (2-22) 


Here eis called second aerivative of x with respect to ¢. 


e 
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* Also the instantaneous acceleration at any point on V—t graph is 
equal to the slope of the tangent to the graph at that point. 


A body is said to be moving with uniform acceleration 
if its velocity changes equally in equal] intervals of time, “however 
small” these intervals may be. The words ‘‘however small’’ have 
the same significance here as in the case of uniform velocity explai- 
ae in this chapter. If the acceleration is uniform, it means 
that ae '8 constant. 

One of the most common examples of constant or uniform 
acceleration is the type of movement known as free fall. This 
tefers to the fall of any object—be it a coin, an elephant, or an air- 
plane—under the influence of gravity alone. Of course this condi- 
tion precludes the force of air resistance. Ideally, therefore, we 
require a vacuum to illustrate free fali motion. The fall of hammer 
and the feather dropped by Appollo 15 astronaut David Scott on 
the airless lunar surface is an excellent example of free fall and 
hence that of uniform acceleration. 


Galileo’s best known contribution to the Science of Kinematics 
was his discovery that the free fall acceleration iz exactly the same 
for any object. Given an absence of air resistance, each object 
will fall to earth with exactly the same acceleration. Modern 
measurements yield a value for this free fall acceleration of 
98 ms-2. The universal free fall acceleration, that is, acceleration 
caused by the earth’s gravity, is identified by the symbol ‘g’. 


2.11 EQUATIONS OF MOTION 


When a body is having rectilinear motion, the relations 
between its velocity, acceleration, distance covered and the time are 
represented by simple equations known as equations of Motion. 
These equations can be derived as follows :— 


; (1) Distance covered by a body moving with uniform - 
velocity 


__ As explained earlier in this chapter, if a body moves with a 
uniform velocity V fora time f, the distance covered (S) by the 
body is given by : 


| S=vr | (2-23) 


1 


(2) Velocity ofa uniformly accelerated body after a 
certain time 


Let a body be in linear motion with constant or uniform 
acceleration a. As the acceleration (a) of a body at any instant is 
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given by the derivative of velocity (V) with respect to time (#), 
we have 


aaZ or dV=adi. 


Integrating both sides, we hav. 
j dV= fede. 


or V=at+c 
where c is a constant of integration. 


If u and V are the initial and final velocities of the body at 
the beginning and end of time interval 1, we have 


V=n, when t=0 


u=c 


Hence _ V=u-+at .ee(2-24) 


(3) Distance covered by a uniformly accelerated body in 
a given time 

Let a body moving with an initial velocity u and uniform acce- — 
leration a covers a distance S in time t. Since the instantaneous 
velocity V of a body is given by the derivative of displacement with 
respect to time, therefore, 


aS 
hue 
or dS=Vdt=(u+at) dt 
or dS=udt+-at dt 


Integrating both sides, we get 
jas= Jude f at dt 
S=ut+} at?+C 
where C is constant of integration. 


Now, when t=0 ; S=0 
s Cc=0 


‘Hence S=ut+}at? w(2-250 
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ae ) Velocity of a flormly era: ly after cover: 


Let a body move with an initial velocity w and attain a final 
velocity Nisa time t. Let it cover a distance S with uniform 
lera’ a. 


acce! 
. Ca (Instantaneous acceleration), 
ig qv ds av Be a8 
we ams a “as (. v=#) 


aV.V Vdv 
Pe Oa 


Integrating both sides, we have 
Ja~ pe 
a 


S= +e where C is constant of integra- 
tion. 


Now, when Sex0 ; Voy and when SxS, Vy 


C=a— — 


Leta body move with an initial velocit: nd unif 
somigaton a. Le it corer AD =) ditance Fig. 2.32] in 
—a-1)) distance in (»— Seconds respectively. 
Then the distance BD (=Smy) is called the distance conered ‘ah the 
body in the nth second of its motion, 
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From the relation S=ut+at?, the distances covered in n and 
(n—1) seconds are given by 
Sa=un+} an? (Ce t=n] 
and S(nay=u (n—1)+4a (n—1)? Cs t=@—-1)) 
Since Snth=Sn—Sn-1) 
Sith =lun-+ tan®] —[u(n—1)+4a(n—1)?) 
=(un+ tan®)—[un—u-+}an®—an+ 4a} 
=u+an—ta 


or | Sth =4-+ ¥a(2n—1) w-(2-27) 


If a body has a free fall or moves with an acceleration due 


to gravity then] a==g | and hence the important equations of 


notions can now be presented as- 


| V=u-+gt | : «i(2-28) 
| S=ut-+tgt? wu(2-29) 
2gomvt—2 vu(2-30) 
Spn=4-+$g(2n—1) | (2-31) 


Remember that these equations are meaningless unless the 
exact significance of each symbol is understood. Also they are 
applicable only if the acceleration is constant. 


In any particular problem, the student will have to decide which 
of these equations to use. To do this he should notice that each 
equation contains only four different kinds of symbol. Three quanti- 
ties will be given in the problem and a fourth quantity will have to be 
calculated. He should therefore choose the equation that involves 
the three known quantities plus the quantity to be’ calculated, and 
nothing else. i : 
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Example 2'6. A man standing on the roof of a building 30m 
high throws a ball vertically downward with an initial velocity of 
300 cm sec-1as it leaves his hand. The acceleration due to gravity 
is 98 n.s=*. (i) What is the velocity of the ball after it has been 
falling for 0°5 sec ? (ii) Where is the ball after 1°5 sec.? (iii) What 
is the velocity of the ball.as it strikes the ground ? 

Solution 


* Place the origin at the top of the building. Then S=0 when 
t=0. Let the positive direction of S be downward. The initial 
velocity is downward and therefore positive, so 


u=$00 cm sec1=5 ms7} 
The acceleration is downward and therefore positive, so 
a=-+9°8. mst? 
(i) In this part of the problem one is given u,a.and f, and 
must deduce vy. Therefore, 
v=u-+-at 
=5+-(9°8) x (0°5)= +9'9 ms-1 
After 0'5 sec the velocity is 9:9 ms-1 downward. 
(i) In this part of the problem one is given u, a and ¢ and 
must calculate S. Therefore, 
S=ut+tar2 
m™5X 1544 X9°8 x (1°52 = 18'525 m 


After 1°S sec the ball is 18'525 m»below the roof or 11:475 m 
“ above the ground. 


(iii) When the ball strikes the gsfound. x=+30m. So one is 

given u, a and S, and asked to calculate y, Therefore, 
v2—142= 24S 
or v2=y8-+4.2aS 
=(5)?+2x9'8x 30613 

y v=V G3 224-76 ms“ 

When it strikes the ground, the ball has a velocity of 
24°76 mst. 


Examaple 27. Repeat the previous roblem for 
when the ball is thrown upward with a welosity of S wee Also 
(tv) What is the maximum height reached by the ball ? 


Solution 


The only difference-is that the initial velocity is in the negative 
direction and sou=—5.ms. Otherwise the arguments for parts 
(), (it) and (iii) are identical. : 
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@ v=u+-at 
=—5+9'8x0'5=—0'1 ms} 


3) After 0°5 sec the body is moving upward win a velocity of 
1 me}, 


(ii) S=ut+4 at? 
=(—5)X 15-43 X9°8 X(1°5)8§=+3'525 m 
After 1°5 sec the ball is 3°525 m below the roof. 
(iii) v2=u2+ 24S 
=(—5)?+2x9'8 X30=613 
or v=4/613 =24:76 ms 


When it strikes the ground, the ball has’ a velocity of 24°76 
ms”, exactly the same as in the previous problem. 


(iv). The ball starts to move upward but the downward 
acceleration steadily reduces the magnitude of its velocity. When 
the bail reaches its highest point, the velocity has been reduced to 
zero and subsequently the velocity is reversed and the ball begins 
to move downward. In the highest position, therefore, it is 
known that v=0. The known quantities are therefore u, a and v 
and the desired quantity is S. Thus 


v8—y2=248 
or vt=u2+2aS 
or O=(—5)29+2x98xS 
or 19.6S=—25 
S=—1:277m 


The negative sign indicates that the highest point is above the 
roof where the S coordinates are negative. The maximum height 
reached by the ball is therefore 1'277 m above the roof or 31°277 m 
abc ve the ground. 


Note. We can also solve this problem with the origin still 
at the roof, but the positive direction of S upward. Then the 
initial velocity is upward and positive (u=-+-5 ms“4) but the acceic- 
ration is downward and therfore negative (a= —9°8 ms“), 


Example 2:8. A motorist rushing at a. speed of 20'ms? 
finds a child on the road 201 m ahead of him. He immediately 
applies brakes so as to stop within 1m of the child (supposed 
stationary). Find the deceleration produced and also the time 
taken to stop the car. 

Solation 

Here . u=20 ms! S=(201—1)=20Q0m 

v=O0 a=? t=? 
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Since v2—y2—=2aS 
. ionxam-? 9-20 
ry Retardation=a 38 = 3x30 lms* 
Again v=u-+at 
Time= :=—% 
a 
“0 =20 sec. 


Example 2°9. A body travels 2 m-in the first 2 seconds and 
2°20 m in the next 4 seconds. What will be the velocity at the end 
of the 7th second from the start ? 


Solution 


Let u be the: initial velocity of a body and a be its uniform 
acceleration. 


_S=ut+4 al? 
Distance travelled in the first 2 seconds is 2 m. 
aA 2=u xX 2+ 4a x (2)?=2u-+2a 
o1 l=u+a --{i) . 


Distance travelled in the next 4 seconds is 220m. There- ; 
fore distance travelled in the first 6 seconds is 420m 


& 4:20=ux 6+ ta(6)2 
or 4°20=6u+ 18a 
or 0'7=u+3a w(ii) 
Subtracting (ii), from (i) a 
03=—2a 
—- =—015 ms ».(iit) 
2 jtting (ii) in (i), we have 
u=1°15 ms“1 
Since v=u-+at 
Velocity at the end of 7th second is 
v= 1°15+(—0°15)x7 
= 1°15—1'05=0'10 ms 


2°41, 
212 NEWTOQN’S FIRST LAW OF MOTION 


Sir Isaac Newton (1642-1727) studied and developed 
Gafileo’s (1564-1642) ideas about motion and subsequently stated 
the three laws which now bear his name. He established the subject 
of dynamics. His laws are a set of statements and definitions that 
help to explain very important Principles of Physics. Observations 
and experiments furnish evidence of their truth-as applied to the 
motion of both terrestrial and celestial bodies. Wé believe these 
laws to be true because the results they predict are found to be in 
very exact agreement with experiment over a wide range of condi- 
tions. We do not regard them as absolutely true and more exact 
laws are required for certain extreme cases. 


Newton’s First law. Every body continues in its state of rest 
or of uniform motion in a straight line unless and until it is compelled 
by some external force to change that state-of rest or of uniform 
motion: 


The first law of motion thus enunciated by Newton consists 
of two parts. The first part, which states that every body conti- 
tues in its state of rest unless and until it is compelled by an 
external force to change this state of rest, is self evident and pre- 
sents no. difficulty whatsoever. For example, a book kept on. the 
table continues to be at the same place until and unless some one 
removes it, 


The second part, which states that every body continues in 
its state of uniform motion in a straight line wwntil and unless] it is 
compelled by an external force to change that state does not 
admit of easy verification by experiment in our daily life as it. is 
impossible to imagine a body moving with uniform velocity in a 
straight line perfectly free from external forces like resistance of 
air, friction etc. Thus, evena very smooth ball rolled on the 
flat and smooth ground comes to rest owing to the resistance of 
the air and friction of the ground. The nearest approach to 
Sree motion (motion free from external force) is the motion of a 
glass or ivory ball on smooth ice in vacuum, The evidence in 
support o* the second part of the First Law of Motion is contained 
in’ the avtronomical predictions regarding the movement of the 
various planets in ali most perfect vacuum. The positions 
of the Moon, Sun and the Planets, Mercury, Venus, Earth 
Mars, Jupiter, Saturn Uranus, Neptune and Pluto which do not 
encounter any air resistance are fore-told to -a wonderful 
degree of accuracy. The time and duration of Solar and Lunar 
eclipses are likewise correctly predicted. All these predic- 
tions have come out true and demonstrate the truth contained 
in-the second part of Newton’s First Law. It seems that the 
question to be asked about a moving body is not ‘what keeps it 
moving’ but ‘what changes or stops its motion’. Frequently it is 
friction and if a body does move under near frictionless conditions, 
its velocity is infact almost uniform. This is shown in figure (2°33) 
which is a photograph of a puck, illuminated at equal time jnter- 
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vals by a flashing Xenon lamp, moving on a cushion of carbon 
dioxide gas across a clean, level glass plate. 


t=0 1 2 3 4 5 6 7 

Puck. 5 
Fig 2°33 Motion of ice puck on glass plate—no friction resuits in uniform velocity 

Again, by means of the linear air track (Fig. 2°34).an almost 
frictionless track can be obtained. It consists of long hollow 
tube of aluminium. A number of small holes are drilled on the 
top of the tube. Air under pressure is forced into one end of the 


tube. The air comes out through the small holes and forms a 
cushion of air under a cart (A) placed on the top of the track. A 


Straw (or pointer) — , 


©0000 000 00 
©oo0oo0o0c0g0q000 


(a) 


A—cart. 
B—air unger pressure 
C—film of air 


(d) 
Fig 2°34 Linear-Air track Apparatus 
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straw (or pointer) is attached to the cart as shown. Given a push, 
the cart (A) moves almost floating on the cushion of air. As the cart 
moves, flash photographs are taken at equal short intervals of 
time. From the pictures obtained (Fig. 2'34c) the distances covered 
in these equal short intervals are calculated. They will be found to 
be equal throughout the motion showing that the cart moved 
with almost constant velocity. 


Straw 


Fig 2°34 (c) 


Law of Inertia. Newton’s First Law oi Motion is also called 
Law of Inertia. By inertia we mean the inertness i.e. built in reluctance 
of matter and hence its inability to change its position of rest or of 
uniform motion in a straight line without the application of an external 
force. (Galileo was the first to recognize this property.) In other 
words, the first law of motion gives us the definition of force. The 
force is the cause of change of position of rest or of uniform motion 
in a straight line. The force may be applied in the form of a push 
ora pull. It may be defined as follows. 


Force is a push or a pull which produces or tends to 
produce, destroys or tends to destroy motion in a body. 


It should be very clearly understood that the force must act 
on a body or a system of bodies from owtside. An internal force 
cannot cause any change of state of a body. It is impossible 
for a man to lift himself by putting his feet in two buckets and 
pulling up their handles. A boat cannot. be moved by leaning 
against its stern and pushing forward on its thwarts with the feet. 


The mass of a body is a measure of its inertia. A large 
mass requires a large force to produce a certain acceleration 
because the greater the mass of the body the greater is its tendency 
to oppose any change in its state of rest (inertia of rest) or of uni- 
form motion (inertia motion). 


Illustrations of Inerti. 


(a) A bullet fired against a window glass pane makes a clean 
hole in it and the glass is not cracked. The glass surface surroun- 
ding the place where the bullet strikes cannot Share the quick 
motion of the bullet and remains at rest 


(b) When a train suddenly starts a passenger standing in it 
falls backwards. This is due to the fact that tne lower part of 
his body being in contact with the floor of the train shares ats 
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motion whereas the upper part tends to remain in the former 
State of rest in space. 


(c) When the bus goes round a turn, the passenger will 
continue to move in a straight line rather than, turn with the bus 
Owing to his or her inertia wntil he or she grabs some thing 
attached firmly to the bus that will pull him or her along with the 
turning bus. 


(@) When a house holder shovels coal into his furnace, he sets 
both the shovel and the coal in motion. Then he'stops the move- 
ment of the shovel, allowing the coal to move on into the furnace 
owing to inertia of motion of the coal. 


2:13. NEWTON’S SECOND LAW OF MOTION 


. The enunciation of the Second Law of Motion contains a 
physical term called momentum which needs some elucidation 
before we proceed further. Momentum of a body is the sum 

of motion contained in it. The motion contained in a body 
depends upon its mass and velocity as will be clear from the follo- 
wing example. : 


Let us imagine that a tennis ball and a cricket ball are falling 
from the same height. ‘Common experience tells us that it is easier © 
to catch the tennis ball than the cricket ball. Why ? The balls 

_ are falling from the same height and as such have the same velocity 
on reaching the hand. But the cricket ball is heavier than the 
tennis ball. Thus, the quantity of motion contained in a body 
depends upon its mass. 


Again consider two cricket balls, one falling from a height of 
1000 m and the other from 500 m. On reaching the hand the 
velocity of the first will be 


42¢s=42xF8X1000=140 ms 
and that of the second ball will be 
42X98X500=98'99 ms-3 


Tt will be difficult to catch the former as it has greater velocity 
than the latter. 


Thus, the motion contained in a body depends upon its mass 
a velocity, Hence we may define momentum of a body as 
follows. 


“Momentum of a body is the uae total of motion con- 
tained in it and is measured by the Product of its mass and 
velocity.’* 
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a 
If m is the mass of the body and V its velocity then its 
> 


linear momentum p is defined as 


«-.(2-32) 


> ' > 
since velocity V is a vector, the linear momentum p is also a vector 
as momentum of a body depends upon its velocity. 

The unit of momentum is the momentum possessed by a 
body of unit mass moving with a unit velocity. The SI unit of mo- 
mentum is the momentum of a mass of | kg moving with a velocity 
of | ms7}. i.e. kg ms }. 

The dimensions of momentum are M!L1T-1, 


Mlustrations of Momentum 


(a) The great havoc sometimes done by a cyclone is due to 
the great momentum of the mass of air. The mass of air may be 
small, but its velocity is very great, and so the momentum (i.e. 
mass X velocity) is large. 

(b) By taking the hammer at a distance before striking a 
nail in order to drive it into a piece of wood, a greater velocity 
of the hammer is acquired and consequently a greater momentum 
is obtained. 

Newton's Second Law of Motion. Whereas Newton's 
First Law of Motion gives the definition of a force, Second Law of 
Motion gives the measurement of a force. In other words it 
defines the effects of a force. The Second Law of Motion states 
that 

“The rate of change of momentum of a body is - 
portional to the’ resultant force impressed and takes 
in the direction of the impressed force.” 


Ss 
Let a body of mass m move with a velocity V at! any instant. 


> 
The momentum p of the body is defined as 
( > 


p=mV 
The rate of change of momentum can be obtained by differen- 


= 
tiating p with respect to time #. Thus - 
> iar > 
or a (nV) am taking m as a constant. 


246 


> 
=ma 
> 


dy" ! 
where eS the acceleration produced. 


According to Newton’s Second Law of Motion, stated above, - 


> 


the rate of change of momentum # is proportional to the resul- 
3 > 


2 See) 
tant force (F) ; but since de = Ina, we have 


> > 
F «a ma 
=> > 
or F=k ma where k is a constant of Propartionality. 


3 Now let us choose a unit force as that force, which produces 
in a unit mass a unit acceleration. Thus putting 


F=1; m=! and a =1, we get 


k=] 
> => : 
Hence F= ma * ae(2-33) 
> 
; d®x 
Since a= ae 
| 
dix 
F mde 
Se G5 
or Force= Mass x Acceleration 
Units of Force 


The unit for mass together with the units for acceleration oan 
be employed in the Second Law equation (2°33) to define the basic 
unit of force. 


In the S/ sistem, the unit of force is known as the mewton 4 
and is defined as the force required to give a 1- kilogram mass — 


an acceleration of 1 metre per second per second. 
1 newton (N)=1 kg x Ims-2=1 kg-ms™? 


4 
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According to the smaller scale units (c; tem, i 
unit of force is the dyne. CE ee 


“One dyne is the amount of force necessary to give a mass of 
1 gram an acceleration of 1 centimetre per second per second." 


Since 1kg=103g and 1 m=102cm 
We have 
1 newton (N)=1 kgx1 ms~ 
=103 gx 10 cms-t= 105 g cms? 
=10° dyne (*," }dyne =1 gx 1 cms-) 
‘mensions of force ate M L! T-2 


2.14 PRINCIPLE OF CONSERVATION OF LINEAR 
MOMENTUM 


The law of conservation of linear momentum is a fundamen- 
tal Jaw and is of great importance in physics. It may be stated as 
43 lows : 

“When the resultant external force aeting on a system of 
several bodies is zero. the total linear momentum of the 
system is conserved (constant). The total linear momentum 
is the vector sum of the linear momentum of each particle 
in the system.” 


Suppose there is only one object in an isolated system. If the 
> 


object is moving with a velocity V, according to Newton’s first Law 

7) will continue to move with the same velocity. Hence its linear 
Anat af ) 

c eminiags my remains constant where m is the mass of the 

object. 


Let there be two objects in an isolated system and Jet them be 
interecting with each other (e.g. colliding). If we consider any one 
ybject, its velocity will be changing due to interaction. hence its 
linear momentum will be changing. The same will be the case with 
second body also. Since there are no externa! iorces acting on tne 
system, the vector sum ofiimear momenta of two objects would 
remain the same, The same thing applies even if there are more 
than two objects interacting among themseives in an isolated 
system. 
Proof. Let us constder an *isolated system consisting of 1 
particles of masses 17/1, 117. , 7a,.++sccc0- sees , Mn. moving with velo- 


An isolated system is one which is free frou, the influence of any extern 
force. : 
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eos => > 
Cities Vy, Va, Va, ..e.c.-sesscece cacy Vx respectively mutually interac- 
> 


ting amongst themselves. The total linear momentum p of this 


bie is. given by the vector sum of the linear momenta of all 
‘the individual particles in the system. Thus 


> > > > 

P = m Vi + maVg + MgV3 teeecccccccccsseees +imaVn 
> > > > => 

But Mm Vi-tmeVa-+ maV at cose csesccee: +mnVa=MVo.mm. 


> 
where M= total mass of all the Particles in the system and Ve.n.= 
Velocity of the *Centre of mass of the system,thus it follows that 


> => 
P= MVe.m, 
Differentiating the above equation with respect to time, we have 
og > aa Se 
Ga ay (MV eum.) ==Mae.m where ac.m is the acceleration of the 


centre of mass of the system. 
According to Newton’s Second Law of Motion, we have 
> 


a8 
# —Resuttant external force on the system = Fra) 
pf Sed asd ine SSS Le is 
*The centre of mass of a system of particles is that single point within the 
System which moves in the same way in which a single particle having the total 
Maas of the system and subject to the same external force would move. centre 
Of mass of a system of particles Sere on the mass.of the particles and Positions 


If there are ‘n’ Particles of mass'mj, mg, mg, ..., mn distributed 
in space then 
Xeeoms ee Zeit Maret Mgrs... mnxn Bmx 
A my -+m2+m3+...+itin M 
aaa imi ya tmaya+mgyst ...+mnyn 3 2my 
Rae m+ims+mst... +i, mM 


Similarly = Zo.m.= me 


and 


where (x1, ¥1, 21), (Xa, Ya, 22), (x3, ¥3, Za), -.-, (Xn, Yn, Zn) are coordi- 
nates of the particles with respect to three coordinate axes x, y, z 
respectively and (Xc.m., Ye.m., Ze.m.) are the coordinates of centre 
of mass of the system. 


Se eee, Se eee 


Experimental Test 


Air Track Fig. (2.35) (a) 
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Fig. 2.3%(b) 


(Collision between two vehicles) 


When the resultant external force on the system is zero 
> 

he  Feet,=o, then, 

> > 


dp > 
rn OP = constant. 
: That is, the total linear momentum ( Vector sum) of the system 
48 constant, if the resultant external force acting on the system is 
_ zero. This is the principle of conservation of linear momentum. 


__. The principal can be investigated experimentally using a linear 
air track and multiflash photography of electric stop clocks to mea- 
sure velocities. Figure [2°35 (a)] shows an air track and two vehicles 
with drinking straws attached so that a multiflash photograph 
can be taken at regular intervals. 


i In Figure [2°35 (b)] a collision is shown between a vehicle of 
Mass ‘two’ moving in from the lett and one of mass ‘three’ from the 
- fright, the top markers give the velocities before the collision and the 
’ bottom ones after the vehicles.have ‘rebounded’ and are moving in 
“ opposite directions. { In Figure[2°35 (b)] the hinged shutter is shown 
in the up position revealing to. the camera the bottom half of one 
_ Straw. At the exact instant of collision the shutter is rotated from 
one position to the other so that only one half of each straw is 
“visible at any time]. The velocities before and after the collision are 
thus obtained. 


Make measurements on Fig. (2.35.b) and you would find that 
momentum is conserved in this collision. In any . attempt to 
verify the principle of conservation of momentum, friction must be 
Negligibly small. Why ? 

Mlustxations of the conservation of Linear Momentum 


(1) When a man jumps from .a boat to the shore, it is well 
known that the boat experiences a backward thrust which displaces 
it away from the shore. It is due-to the impulsive force exerted_by 
the- man. The change of momentum of the boat caused by the 

_ force is equal and opposite to that of the man. 


(2) Metion of a shot and Gun. When a gun is fired the 
powder is almost instantaneously converted into a gas at high pres- 
sure, which by expansive action forces the shot out of the muzzle. 
The force on the shot at any instant, before it leaves the muzzle, is 
equal and opposite to that exerted on the gun backwards. The time 
for which both these forces act being the same, their impulses* are 
equal but opposite. So the change of momentum of the shot is equal 
and opposite to that of the gun. But both the shot and the gun being 
initially at rest, the momentum produced in the shot is equal and 
opposite to that in the gun. 


Suppose m and M are the masses of the shot and the gun 


+ 
‘respectivety, v the velocity with which the shot emerges from the 


*Impulse means change in momentum produced in a body 
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> 
muzzle and V, the recoil velocity of the gun, supposing it to be free. 
> 


ss 
to move. Thus m(v—o)= M (V—o) 


> > 
or my = MV 


So the Vector sum of the momentum of the system is 
conserved. 


(3) Rocket and Jet Propulsion 


(a) (6 
Fig 236 


The principle of both rocket and jet propulsion is illustrated 
by the behaviour of an inflated balloon when released with its neck - 
open. If the neck is closed there is a state of balance inside the 
balloon with equal pressure at all points [Fig. 2.36 (a)]. When the 
neck is opened the pressure on the surface opposite the neck is now 
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unbalanced and the balloon is forced to move in the opposite direc- 

tion to. that’ of the escaping air (Fig. 2.36 (b)]. According to the 

iple of conservation of linear momentum the ait and the 
have equal but opposite amounts of momentum, that is 


> > 
Mate X Vote = Mo=t100m X Voattoon 


In a rocket and a jet engine a stream of gas is produced at a 
very high temperature and pressure and then escapes at high velo- 
city through an exhaust nozzle. The thrust arises from the large 

in momentum of the exhaust gases. A rocket carries its own 

supplies of oxygen (liquid) and fuel (e.g., Kerosene or liquid hydrogen) 

Fig. [2.37 (a)]. The mass of the rocket is not constant but decreases 

peereaael as it uses fuel (often at the rate of over 3000 kg 5-1). 
acceleration consequently increases. 


A_jet engine uses the surrounding dir for its oxygen supply 
and 0 is unsuitable for space travel. Fig. [2.37(5)] is a simplified 
drawing of one type of jet ‘engine (gas turbine). The compressor 
draws in air at the front, compresses it, fuel (often paraffin) is 
injected and the mixture burns to produce hot exhaust gases which 
escape at high speed from the rear of the engine. These cause 
forward propulsion and drive the turbine which in turn rotates the 
compressor. The backward momentum produced in the escaping 
gases is equal and opposite to the forward momentum imparted to 
the rocket and the jet. 


215 NEWTON'S THIRD LAW OF MOTION 


Newton’s Third Law of Motion states that “when any 
mapa esr Aid another object, the second object, also 
exerts an equal and ite force on the first,” Alternatively, 


we might say that “for every action, there is an equal and opposite 
reaction”. 


Here the term action means the force exerted b any object 
on another object while the term, reaction, means the force exerted 
by the second object on the first. 


Let an isolated system consist of two bodies ‘of masses m; and 
Mg moving along the same straight line and mutually acting and 
reacting with.each other. The mutual interaction causes a change 
in velocities and hence a change in the momentum of each body. 


> > 

Let Api and A ps denote the change in momentum of m; and me 
respectively, in time Az, According to the law of conservation of 
linear momentum, the net change in the linear momentum in an 
‘isolated system must be zero. y 


= > 
Apit Aps=0 
> > 
or: Ape=—Api 


nat (<_—oee e 
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Dividing by the time Az and taking the limiting case, 


> > 
Ape A 
Lt (Ae Sart (42 ) 
Ato \ At ) Aros At 
> — 
aps apy 
Sh Gre at 


ie,, Rate.of change or momentum of mo , 
=—Rate of change of momentum of my. 
or Force on mg=—Force on my 


or [ Acton= Redon which is Newton’s third. 


Law of Motion. The third law of motion is also called the Law of 
Reaction or Law of stress. 


Illustrations : 


When a carpenter hits the head of a nail with a hammer, the 
hammer exerts a force on the nail that drives it into a piece of 
wood. At the same time, the nail exerts an equal force on the 
hammer that stops the hammer’s motion in midswing. 


In the engines of a jet airplane, ex: ing hot gases produced 
by the explosion of a mixture of Set waa nsme whistle out of 
small nozzles facing the rear of the plane at very high speeds. In 
response, the plane itself speeds forward through the air. 


The basic truth illustrated by ihese two common place 
examples is that forces always oceur in pairs. A single force | 
cannot exist. To every force in nature, there must cortespond an — 
equal and opposite force. 


Everyday life is full of other examples of this particular law. 
These include the recoil of a gun when it fires a bullet, .the crazy . 
zigzag movement of a balloon that has been blown up and then 
released,--and the movement ofa boat through the water as the 
Oarsman pushes backward on the water with his ‘oars. i 


When we step forward from rest our foot pushes backwards on 
the earth and the earth exerts an equal and opposite force forward 
on us. Two bodies and two forces are involved. The comparatively 
small force we exert on the large mass of the earth produces no 
noticeable acceleration of the earth, but the-equal force it exerts on” 
our very much smaller mass causes us to accelerate. However, if we 
could somehow get to a very small asteroid and step on that, the - 
asteroid would undoubtedly move a few centimetres downward and © 
send us a few metres into the air in the piocess, 
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If you pull a string attached to a block with a force P to the 
right [Fig. 2°38], the string pulls you with an equal force P to the 


Force Force on Force on Force on 
on string block. you string 
+ > 


Fig, 2°38 
left. Generally we can assume the string transmits the force 
unchanged and so there is another pair of equal and opposite 
forces at the block. The string exerts a pull P to the right on the 
block and the block exerts an equal pull to the left on the string— 
one force acts on the block and the other on the string. The 
string is pulled outwards at both cnds and is in a state of tension. 
Two important points must be borne in mind when we apply 
's Third Law. The forces of action and ion act on 
f it objects ; and it is the vector sum of all the forces acting 
on a particular object that determines whether or not the object 
accelerates. These points are illustrated by the following tetas. 


OL 
~- 2H 


fe a oe 
Friction 


Fig. 2°39 
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A horse is pulling a heavily loaded cart. The cart pulls the horse 
backward-The question is: why does the system move forward? 


- Let us answer this question. 


Tn the process of pulling tae cart forward, the horse exerts 
Dressure on the ground which reacts back along OS Fig. (2°39). 


= 

The reaction, S, of the earth may be resolved into two rectangular 
> 

components. The component S cos @ supports the weight of the 


oe 
horse where as the component S sin @ (which is greater than 
the force of friction F)-is responsible for the forward motion of 
the system as a whole. It may be noticed here that this external 
force has been provided by the earth which does not form part of 
the system. So far as the cart is concerned, the weight is balanced 
by the reaction due to the earth. ‘The forward pull of the horse on 
the cart and the backward pull of the cart on the horse, each being 
equal to T, cancel each other. : 


Example 2:10. A Saturn V rocket develops an initial thrust 
of 3°3x 10? N and has a lift-off mass of 2°8 x 106 kg. Find the initial 
acceleration of the rocket at lift-off. (Take g=10 ms~2) : 

Solution. : 

Let T be the initial thrust on the rocket, m its mass and W 
its weight, then 

W=mg=2'8 x 108 kg x 10 ms™? 
=2'8x107N 

The resultant upward force on the rocket is (T—W) and if 
a is the initial vertical acceleration, then from 

F=ma we have 
(T—W =ma 

oe EW)! 
m 


3°3X107—2°8x 107 0 
= Se ee 


> > 
Note. We can apply F=ma here since the rocket is instanta- 
neouly at rest. In general this is not possible because the mass of 
the rocket changes. 
Example 2:11. Two blocks A and B are connected as in 
Fig. (2°40) on a horizontal frictionless floor and pulled to the right 
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with an accelaration of 2'0 ms~* by a force P. If m,=50 kg and 
ma=10 kg, what are the values of T and P? 

Solution. 


The forces acting on the blocks are shown in Fig. (2°40), 
> 


ae 
Apply F=ma to each 


For Block B 
Rest ¢ant force=T=moa=10x2=20 N 


For Block A 
Net or resultant force =P—T=mya=50 x 2=100 N 
me P=100+20=120 N 
Example 2°12. /A jet of water emerges from a hose pipe of 
cross section area 5‘0x 10-8 m? with a velocity of 3°0 ms and 
strikes a wall at right angles. Calculate the force on the wall 
assuming the water is brought to rest and does not rebound. 
(Density of water=1'0 x 108 kg m8). 
Solution. 
If the water arrives with a velocity of 3:0 ms“, 3:0 m® hits 
every square metre of wall per second. 
Hence Volume of water striking wall per second 
; =3'0x5:0x 10% 
=1°5x 10-2 m3 s1 
Therefore, mass of water striking wall per second 
=1°5 x 10-2 x 1:0 108 kgs-1 
=15 kgs 
Velocity change of water on striking wall 
=3:0—0=3°0 msl 
: Therefore, momentum change per second of water on striking 
» wa 
=15x30 
=45 kg ms~? 


05 ms 0-4 ms 
e325 
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But Force=change in momentum per second=45 N 


In practice the horizontal momentum.of the water is seldom 
completely destroyed and so the answer is only approximate, 


Example 2°13. A railway truck A of mass 2x 104 kg travels 
ling at 0'5 ms“! collides with another truck B of-half its mass 
moving in the opposite direction with a velocity of 0°4 ms}, If the 
trucks couple automatically on collision, find the common velo- 
city with which they move. 


Solution. 
_ Total momentum to the right of A and B before collision 
(Fig. 2.41). =2x 104 x 0'5—1 x 104«0°4 


=0'6 x 104 kg ms“! 
(If the momentum of A is taken as positive, that of B must 
be negative). 
Total momentum to the right of A and B after collision 
=3x104xv kg ms“! where v is the common velocity 
By the pr:aciple of conservation of linear momentum, 


3x 104 x v=0°6 x 104 
y=0'2 ms} 


. 


Example 2°14. A jet engine on a test bed takes in 20°0 kg of 
air per second at a velocity of 100 ms“! and burns 0'80 kg of fuel 
per second. After compression and heating, the exhaust gases are 
ejected at 500 m s“1 relative to the aircraft. Calculate the thrust 
of the engine. 


Solution. 
Velocity change of 20 kg of air=(500— 100)=400 ms-1 
.. Momentum change per second of 20 kg of air 


=20 x 400 kg ms? 
The initial-velocity of the fuel is zero and so its velocity change is 
500 ms', 
.. Momentum change per second of 0°80 kg of fuel 
= 0°80 x 500 kg. ms? 
.. Total momentim change per second of air and fuel 
=(20 x 4004-0'89 x 500) kg mz-? 
=8'4x 108 kg ms? 
~ But force (thrust) =total change of momentum per second _ 
“Thrust of engine=8:40x10° NN (*":1 kg ms®=1N) 
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216 INERTIAL MASS 


Provided us with a quantitative measure of Inertia namely mass. 
Mass as defined by Newton’s second law relates the net force 


—_> 
applied to an object to the resulting acceleration. If F is the 


> 
net force applied on a body and a is the acceleration produced 


in it, then, according to Newton’s second law of motion, the mass 
of the body is given by 


its acceleration, Mass, then, is a measure of inertia and is 
related to the quantity of matter in a body. We call such a 
Mass as inertial mass. It is given by the ratio of the resultant 
force applied upon a body to the acceleration produced in it along a 
smooth horizontul surface. 


s 
If the same external force F acting on two bodies produces 
> > 
in them acceleration a, and a3, then 
‘ o> > 
-F=mya,=mea 


where m and ms refer to the inertial mass of the bodies, 


ies 
- im _ |e | 
mm” |—> | 
la | 


_ . If one of the bodies is taken asa standard, the above equa- 
tion can be used to find the inertial mass of the other body in 
terms of the standard. 


2:17 WEIGHT AND GRAVITATIONAL MASS 


At this point, we must study one of the more subtle, but most 


important; distinctions in Physics. This is the differencé between 
mass and weight. : 
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Let a body of mass m fall! freely under the influence of gravity 
towards the centre of the earth. Its acceleration is -g (9°81 ms~4j 
called the acceleration due to gravity. It is same for all bodies 
at the same place. 


The force producing this acceleration is provided by the pull 
with which the body is attracted by the earth towards its centre. 
This downward gravitational force is culled the weight of the 
body. It may be defined as follows : 


“Weight of a body is the pull with which it is attracted 
by the earth towards its centre.” 


By the second law of motion, force is equal to the product 
of mass and acceleration. Hence, 


Weight of a body=its mass x acceleration due to gravity 


> 


W=mg 


Thus the weight of a body is equal to the product of its mass, 
and acceleration due to gravity. : 


Since acceleration due to gravity is different at different 
points on the surface of earth. the weight of a body is not a cons- 
tant quantity. The value of g is minimum at a place on. the equator 
and maximum at poles. The weight of the body will, therefore, 
increase as it is moved from the equator towards the pole. Further 
as the body travels into space, the gravity force acting on the body 
and the resulting gravitational acceleration both change. However, 
the mass of the body remains constant as it is th sum total of 
matter contained in it. Mass isa scalar quantity, fundamental to 
the body under consideration. Your mass will not change if you 
take a trip to. the Moon, however, the attractive force holding 
you to the moun's surface, your weight on the moon, is reduced 
to about one sixth of your weight on earth. Of course your free 
fall acceleration on the moon would be one-sixth that on the earth’s 
surface. The high mobility of the astronauts on the moon arises 
from the reduction of their ‘weight’ on the moon. The’ inertia of 
the body does not play any role here. 


. The mass of a body which determines the gravitational 
pull due to the earth acting upon it is called its gravitational 
mass. 


The weight of a body is measured ty a springbalance because 
the extension produced in it depends upon the force pulling it 
downwards whereas the gravitational mass is measured by compar- 
ing its mass with another standard mass in an ordinary pair of 
scale pans. 
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Let »m and mm, be the masses of two bodies and W: and Ws be 
their respective weights at the same place. Then, - y 


> -—> 


Wi=mg 
> 
and Wa=mg 
ak 
: Mm 
+ Im 
Wa 


Thus the weight of a body is proportional to its mass. 


Newton was the first to devise experiments to find if there was 
rey difference between the inertial mass and the gravitational mass 
of'a body. His experiments failed to show any difference. Since 
then several other experiments of much greater accuracy and sensi- 
tiveness have been performed and all these experiments show that 
these two masses are equal for a given body. 


2:18 COLLISION 


The law of conservation of linear momentum and law of 
conservation of energy are indispensable in ing with collisions 
between particles. In such cases no external forces act on the 
participants, and therefore their total momentum before they 
collide equals their total momentum afterwards. The essential 
effect of the collision is to redistribute the total momentum of 
the particles. 


A collision is sald to have occurred if two particles or bodies 
physically collide against each other or even the path of a motion of 
a particle or a system is affected by the coped | a_ neighbouring 
system. Such influence may be due to the t of long range 
Eee magnetic or electric forces or short range nuclear 


There are three types of collisions as given below: 


(a) Perfectly Elastic Collisions. In perfectly elastic colli- 
sions, no mechanical energy is lost and both momentum and kinetic 
energy by the system are conserved. Collisions between atoms, mole- 
cules, and fundamental particles are perfectly elastic. In practical 
life, collisions between ivory and glass balls are almost perfectly 


(6) Inelastic Collisions. /f the kinetic energy of the system 
after the collision does not remain conserved, the collision is said 
t> be inelastic. During these types of collisions, some kinetic energy 
«s invariably wasted and converted into heat energy and sound 
energy. In an inelastic collision, the kinetic energy after the colli- 
sion is less than that before the collision. So in inelastic collisions, 
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momentum is conserved, but kinetic is not conserved, In 
Practical life, most of the impacts are of this type. 


(c) Ps Inelastic Collisions. this of collision, 
the two Prt epes together and move F ly. A collision 
between a bullet and a block of wood when bullet remains embed- 
ded in the block after the collision, is a perfectly inelastic collision. 
The loss of kineti¢ energy is greatest in perfectly inelastic collisions. 
However momentum is conserved, 


Perfectly Elastic Collision: 
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Fig. 2°42 Collision between one particle ahd another particle which is at rest 


= 

Let a particle of mass m moving with a velocity wm, collide 

with another particle of mass mg at rest. (Fig 243), After the 
~» 


> 
collision, let them move with velocities V; and V_ directions 
inclined at @; and 0, respectively, with the Frog: Fert s04 of 
motion of m. Let us assume that the cajlision is elastic. 


T the scalar of velocities the x- and 
econ ud appt feo seven at Tn 
momentum, we have, for the x-component of motion 


| mim, COs O+/mVe con te (QA) 


and for the y-component of motion, 


| O=my V sin 0—mVo sin Oy / A239) 


Since the collision is elastic, the kinetic energy is conserved. 
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_ Therefore, 


| dm wy2=40, V2 domgV22 | +.(2=36) 


Suppose, we know only the valucs of mm, mg, and u, only, 
we cannot determine the motion after the collision and since there 
are three equations and four unknown quantities, viz, V1, V9, 0, 
and 6)... The value of one more quantity should be known to fix 
the motion after the collision. By giving different values for 
8; or Qg,'the values of the Other three unknown quantities can be 
determined from the ubove relations, 


Special case of a head-on collision 


Let us consider the special case when ®j=0 and 0.=0. In 
this case, the particles move along the same direction before and 
after the collision and it reduces to a case of collision in one dimen 
sion. The equations (2-34) and (2-36) will now reduce to 


myuy= Vi +me2Ve (i) 

and 4 mmuy2= hy V12+ bine Va? ..(ii) 
From equation (i) 

moVo=m\uy—m,V, «+ (iii) 


and from equation (ii), we have 


dmeV22==tmyuy2— 4m Vy# 


or meV o?=my2—m V2 . (iv) 
Dividing (iv) by (iii) 
RS Vig 
V2== Gi=Vi) m+V; ...(¥) 


Putting (v) in (iii) 
ma(tt +V1) = —m Vy 
or mau, +meV1 =u; —m Vy 
or VC +g) =u (rm — mp) 


View a | (2-37) 


Now putting the equation (2-3/) 1n (iii) we have 
mV2= my — mV; 
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= mtn nf 


oe 


th meet (3) 
Va Gna) aes 


Further, if me, then from equations (2-37) and (2-38) 


we have 
| Vi=—uy 


this means that the lighter particle rebounds from the heavier 
particle with the same wlouty. 


and Ve=0 


Again if mj=mz then from equations (2-37) and (2-38) 
we have 


| Vi=0 | and 
i.e., the two particles of equal masses suffering one dimensional 
elastic collision merely exchange their velocities after the collision. 
The moving particle transfers whole of its kinetic energy to the 
stationary one. As neutrons and protons have nearly equal masees, _ 
so kinetic energy of a fast neutron canbe quickly reduced by 
making it pass through a substance like water which contains 
many protons. The neutron will lose energy due to perfectly 
elastic collisions with protons. 

Example 2°15. A ball moving with a speed of 9 ms“? strikes 
an identical stationary ball such that after the collision the direc- 
tion of each ball makes an angle of 30° with the original line of — 
motion. Find the speeds of the two bails after collision. Is the 
kinetic energy conserved in this collision process ? 


= 


Let a ball A of mass m be moving with velocity u)==9 ms~? 
and another ball B of the same mass be stationary. Apply princi- 
ple of conservation of linear momentum in the horizontal and 


vertical directions respectively, we get 
9m=mV cs 30°-++mV2 cos 30° fi) 
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and ‘Q=mV; sin 30°—mVo sin 30° (0) 
From (2), we have 
| Vi=Ve 
a 
as 
Pao. 
¢ 
u,=9 ms~ va 
D 1/3 
sf 30° 
A 8 moe: 
-S Pil 


Fig. 2°43 
and from (1) 
: 9=V1 x2 cos 30° 


=Vix2x 3 


os | Vi=5°2 ms-1 | 


Initial K.E. =4 muy2=4 m (92 = # m 


Final K.E.=$ m(V3)?+4 m(V2)? 
; =4 m(5*2)2?+4 m(5°2)? 
=27m 


Since initial and final kinetic energies of the system before 
and after the collision are not equal, K.E, does not remain constant 
in this collision process. 


2:19 IMPULSE 


The effectiveness of a force in producing motion in a body depends 
upon its magnitude and the time for which it acts. Sometimes a 
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large force acts for a very short duration and practically it is not 

ible to_measure either its magnitude or time for which 
the force acts. In such cases the total effect of a force is 
measured by the impulse of force. The total effect of a force 
is called impulse. [i is measured by the change of momentum 
produced in a body. 


Let a moving body X collide with another body Y moving 
along the same straight line. Let the collision last for a time t 
> > 
ducing which the momentum of Y changes from p; to pe. Assume 
that the bodies X and Y continue to move along the same straight 
line after the collision, though with different velocities. 


Since the rate of change of momentum of a body is a measure 


sp 
of the force acting on the body, therefore, the force F acting on 
the body Y at any instant is given by 


+ db ra 
Fea where p is the momentum at any 
instant. 
; > => 
or dp=F dt 
Integrating the above equation between the limits, we have 
Ps t ‘i 


> > rad 
or P2—-pi= | Fdt. 
0 
Y > 
We thus find that fF dt is equal to the change in momentum 
0 


> => 

(Pa—p1) of the body and hence isa measure of the: impulse of a 
> 

force. Impulse is denoted by J. 

+> > 3- 

ei Os 3 een Pte ’ 
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=e 
Now the magnitude of the force F generally varies during the 
> 


time of a collision and if F measures the average force during 
collision, we have 


-~ >t > > 


J=Fi=po—p; ++, (2-39) 


Thus impulse is also defined as the product of average force 
and the time for which the force acts and is equal to the total 
change in momentum. 


If the impulse of a force is positive, the momentum of the 
body on which it acts, increases algebraically. If the impulse 
is negative, the monemtum decreases. If the impulse is zero, there 
is no change in momentum. Impulse is a vector quantity and its 
unit in the SI system is newton x Sec. 


If a force-time graph be drawn Fig (2°44), the area of the 
curve gives a measure of the blow or impulse. Thus if curves 


2 
Force (F) —e> «<q 


Time (t) ——_—_» x 


Fig 2°44 


(and 2 in Fig (2°44) have equal areas, they represent equal 

impulse but it is evident from the figure that the force in the case 

Me i spate No. 1 is much greater than that in the case of impulse 
lo. 2. —~ 


‘Tilustrations. : 
(i) When a hammer drives a nail into a block of wood, 
> > 


the force F acts fora very short time ¢ and impulse=F x t. It is 
this impulse that drives the nail into,wood. 
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(i) While catching a ball, a cricket player lowers his hands 
so that interval of time increases and from equation (2-39) for the 
same impulse, force will decrease and Player will apply less force _ 
(reaction). a 


Suppose a cricket ball of mass 0°2 kg is falling from a height 
of 10 m. Its velocity will be equal to 


4 2gs=42X98x10=14 ms. 


If a player brings it to rest in ith of a second, the average force — 


as 
F exerted by him is given by 


I* 


b>] 


Xt=change in momentum 
ia : 
Fx 0 =0°2 x14 


val 
ve F=20x 0'2x 1456 N 


If the player stops the ball in $th of a second, the average 
force:exerted by him would be 


Bs 
F xt=02x14 


ey 
F=5x02x14=14N 


The above example shows that if the time be made Sour times, 
the average force exerted is reduced to one-fourth. 


3. Fora similar reason, u man falling from a certain height 
on a cemented floor receives far greater injury that he would receive 
if he falls from the same height on a heap of sand. 


: 4, In order to absorb the shocks or blows received by a tonga 
while moving over an uneven Toad, it is fitted with steel springs. 


hat impulse is associated with the force exerted by the ball? 
If the bat is in contact with the ball for 0°1 sec, what is the magni- 
tude of the average force exerted on the ball ? 
Solution. 
: Mass of the ball=m=6'5 kg 
Initial velocity--u=0 
Final velocity=v=4 ms-1 
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Change in momentum=0'5 [4—0] 
. =2 kg ms 


SS 
Impulse J = Ft=change in momentum 
=2 newton-sec 
Time interval (t)=0'1 sec 


Ee 
: = Impulse _ 2 
«. Average force F Time v1 20 N 
2:20. MOTION IN TWO DIMENSIONS—PROJEQTILE 
MOTION. 


Consider, for example, a ball thrown over the edge of a cliff 
with an initial velocity % entirely in the horizontal direction 
Fig (2°45). The motion of the ball is also being affected by ‘the 


(— a} 
ts 


~ Ag First ball 
OL 


Secondi 
fielder ; 


Fig 2°43 Projectile Motion 


downward pull of gravity $0 that the velocity of the ball at an: 
instant ha, wo components (i) the horizontal component whi 
tomains the same and(ii) the vertically downward component which 
increases by 9'8 ms‘? after every one second. The acceleration 
produced by gravity ‘g’ is entirely in the vertical direction and 
eannot change the horizontal component of the velocity. This 
implies that a fielder starting from the foot of a cliff at the instant 
the ball is thrown and running outward with a constant horizontal 
velocity u» always remains directly underneath the ball. 
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Meanwhile, the ball continues . to fall in the vertical direc- 
tion in exactly the same way as if.it kad no horizontal velocity. 


es a esa ae 
a : 

fos nee 

9 - 


xazu,t 


le) 


(The use of cartesian coordinates to discuss Proyectue Motion) 
Fig 2°46 


Imagine a second ball dropped from rest at the top of the cliff at 
exactly the same instant that the first ball is thrown horizontally 
outward. The two balls fall vertically in exactly the same way 
and are always at the same height. A second fielder standing 
stationary at the foot of the cliff catches the-second ball at exactly 
the same instant that the running fielder catches the first bali. 


To tackle the problem mathematically, use cartesian axes 
with the origin at the top of the cliff. Let the X-axis be horizon- 
tal with its positive direction outward from the cliff, let the Y-axis 
be vertical with its positive direction downward from the top of the 
cliff (Figure 9°46), After atime f, the horizontal distance covered 
by the first is the same as the horizontal distance covered by 

e running fielder and is 


wi) 


. Meanwhile, the vertical distance (y) through which cither 
ball has fallen in the same time (¢) is obtained by using equation of 
motion (2-25). are 

We must remember, though, that we are now considering 
motion in the. Y-direction rather than in the X-direction, that 
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the initial velocity u in the vertical direction is zero, and that the 
‘ tion a is +g, which is positive because it is downward and 
the positive Y-direction is also downward. Thus equation (2-25) 
beco : 


mes, 
| yotg? | mC) 


To obtain yas a function of *, we can use equation (i) to 
obtaia an expression for-t, 


tai wa (iii) 
and then insert this value of 1 in (ii) 
y=te. 4 
x8 So ta «+.(2-40) 


This is. actually the equation of a Faker with its vertex at 
the top of the cliff. Thus the path followed by a body projected 
izontally with a uniform velocity is a parabola. 


A body thrown in the manner given above ix called a projectile 
and its path a trajectory. 


__A projectile may be defined as a body which after having been 
siven an initial velocity is allowed to move under the action of gravity 
sd ty is no tab eins prreies by any fuel, e.g.,A Javelin 

rown by an athlete, a bom released from an plane, 
bullet shot from a rifle etc, rahe Z 


=". 
tan a a 
or a=tan-1 (#) 
gt 


As ¢ increases, tan a and therefore, « decreases and 


hes 
zero as ¢ becomes large, and the ball begins to fall elmost verti- 
cally: downwards, 
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Fig 2°48 


i Now imagine a body projected upward with an initial speed 
Vo at an angle 6 to the horizontal as in Figure (2°47). As we shall 
shortly prove, its path is again a parabola, Let us calculate, h, 

maximum height to which it rises, and R, its horizontal 


range. 
As shown in Figure (2°48), take the origin at the point of 
Projection, the x-axis i and the y-axis vertical with the 


positive irection now upward. The initial velocity Vo may be 
chet bn a_ horizontal x-component Vena dude” vertical 
y-component Vp sin @-upward. horizontal component Vo Cos 
is unaffected by the acceleration due to gravity and remains 
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constant. Aftera time t, the displacement in the horizontal x- 
direction is 


55 60) 


x=(Vo cos 0) 7 


Apply equation (2-25) to the vertical motion in the y-direc- 
tion, with the initial velocty u=Vo sin 0, .and the acceleration 
a=—g, which is negative because g is downward whereas. the 
positive y-direction is upward. The analogue of equation (2-25) 
then gives us the height of the projectile at time r : 


SA(2) 


| y=(Vo sin 6) t—4gt2 


Similarly, equation (2-24) gives us the verticle component of 
the velocity (Vy) at any instant. 


| Ve=Vo sin 9—gt | «.(3) 


y The highest point is reached. when Vy has been reduced to 
zero. Therefore, 


Vo sin 0—gt=0 


_ Vo sin 0 


or t 
; & 


«(4) 


: This value of (t) may be substituted in (2) to give the maxi- 
mum height (A) 


“.. Maximum height 
=h=(Vp sin @) (West?) ig (pera y 


Vo? sin? 6 
or can Paks w(2-41) 


When the body is at its highest position, the vertical compo- 
nent of its velocity is zero and its resultant velocity is Vo cos 4 


horizontaly. This is identical with the situation discussed above: 


~ if up is put equal to Vo cos 8, The previous proof that the path 
is parabolic can therefore be carried over to the present situation, 


aa 


or 
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To obtain the range R, use the fact that when a body strikes 


thé ground again y=0. At this instant of time, f,, equation (2) 
becomes : 


(Vo sin 9)t,—tgt2=0 
or (Vo sin 6) t.=tgt? 
This equation is satisfied by t.=0, but this obvjously corres- 


ponds to the instant of projection, when it is also true that y=0. If 
t. is not zero, then 


« 


Vo sin §=4g1, 


2Vpo sin 6 
L=———$_. 
g 


+oo(2-42) 


This is an interesting piece of information because it tells us 
oe the flight last i.e, equation (6) gives us the time of 


At the instant %,, the x-coordinate is the horizontal range R 
and so equation (1) implies that 


Vo si 
R=(Vo cos g) (Posme ) 
oe Ra2ve sin 6 cos 9 Vo? sin 20 
("sin 20=2 sin 6 cos 6) 
__p_ Vo? sin 26 
or _ Horizontal aa aR «..(2-43) 


If the speed of projection Vo is fixed, the horizontal range is 
maximum when sin 20 has a maximum value of 1 or when 26==90° 
or 6=45°. The maximum range is, therefore, realized when the 
angle of projection is 45° and its value is \ 


Raa oe ws(2-44) 


The proportionate ranges of projevtiles fired with the same 
initial speed but at different angles of elevation are shown in 
Fig. (2-49). Ag seen, the horizontal range for {he velocity 
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iene “ 2 si 6 
Of projection Vo and the angle of projection 0 is Wotsin2 6 


Also when the angle of Projection is (90—8), the horizontal 
: Vote Vo? sin 26 
range = zg fin 2 (90—6) = | in eS 


Fig. 2°49 


Thus the horizontal Tange is the same for the angles of projec- 
tion @ and (90—8), Hence, with a given velocity of Projection and 
for a given horizontal Tange, there are, in general, two directions 
of projection which are equally inclined to the horizontal and the 
vertical directions, Thus, for a given velocity, horizontal range is 
the same for 8=15° and (90—15)=75° ; 630° and 60° and'so on. 


Example 2:17. A bomb is dropped from an aeroplane 
when it is directly above a target at a height of 1500 m, The 
aeroplane is going horizontally with a speed of 500 km h71, By 
how much distance will the bomb miss the target ? 


{A.L.S.S.C. 1986] 
Solution 
Here 
Initial downward velocity=u=0 
, S=1500 m 
and a=ge9'8 ms-2 


Thus using equation : 
S=sut+4ar2, we have 
1500=0-+} x 9°8 x 72 
45500" 
40 
Horizontal velocity of the aeroplane=500 km h-1. 


t= 
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3500x1000 1250 


=" axe 3 
Horizontal Range= Horizontal velocity X Time 
1250/7500 
Sag ik 75 
= 2430 m 


Example 2:18: From the top of a building 19°6 m high, a 
ball is projected horizontally. After how !ong does it strike the . 
ground. If the line joining the point of projection to the point 
where it hits the ground makes an angle of 453 with the horizontal, 
what is the initial velocity of the ball? 


Solution : 
The time taken to reach the ground is independent of any 


be horizontal velocity given to the ball. Now initial downward 
velocity u=0 
S=196 m 
a=9'8 ms? Y 
t=? 
Since S=ut+}at?, fe) u 
we have , 
19°6=0-+ $(9'8)22 
t=2 
Let Q be the point when 
the ball hits the ground 45° 
[Fig 2°50]. Since ZOQP=45° p = 
PQ:=PO=19'6 m 9 x 
Fig. 2°50 


pied Since PQis the horizontal range covered by the ball in 2 
seconds wi'h the velocity (u) of horizontal projection, we have 
ux2=19'°6 
a u=9'8 ms} 
2:21 WORK, ENERGY AND POWER 
Meaning of Work 


In science the term work has a definite meaning which differs 
from its every day one. For instance a student sitting in his chair 
ona holiday and forming a plan for spending his holiday and a 
coolie who stand: stilland holdsa heavy weight on his head are 
doing xo work in the sense in which. we have to yse the term here. 
Thus mental or physical work or exertion if which the working 
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body does not move are excluded from tie domain of work as 
understood in physics. Hence, motion is an - essential feature 
of work. Morever, this type of work is the result of some action 
of one body upon the other. Such an action we have already 
defined as force which may be: a push or pull due to muscular 
effcrt or otherwise. 


There is another point about the meaning of work which must 
be noted here ; that is, the direction of the motion of the body with 
respect to that of the force. Let us consider the case of a Passenger 
sitting in a rickshaw which is drawn by another man. The former 
is doing no work and the latter is doing a definite amount of work, 
although both of them are applying a force. This is explained 
by the fact that the passenger is pressing the rickshaw downwards 
with his weight but there is no motion in that direction, The man 
who is drawing the rickshaw exerts a force on the rickshaw in the 
Same direction in which it is moving. He is doing no work against 
the force of gravity as this force is perpendicular to the direction 

. of motion. Simiiarly,a cricket player does a definite amount of 
work in stopping a moving ball. Again a mason who. simply fixes 
the bricks on the wall does very little work as compared to the 
labourer who carries the bricks from the ground to the top of the 
wall. 


We may thus define work as follows : 


“Work is said to be done if a force acting upon a body 
is able to move it through a certain distance along its line 
of action.” 


Measurement of Work 
The amount of work done depends upon two factors : 
(i) the magnitude of the force, and : 


(ii) the distance through which the body moves in the direc- ' 


tion of the force. 


The work done is measured by ‘the product of the force and the 
distance through which the body moves along the direction of the 
force. ~ 


F Thus if Fis the force and S is the displacement along the 
direction of the force, the work done, W, is given by 


welrl {s| | , (245) 


Sometimes the displacement of the body is not along the 
same direction as the force applied. Consider a body which is acted 
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> 
on by a iorce F as in (Fig. 2°51). Suppose that, duriag a short . 
interval of time, the body is displaced through a vectorial distance 


= A y 
$ t 
0 
/ 
! fe 
Fig. 2°51 


ate ; ¢ 
Sfrom P to. P_ If the time interval is short esough, the motion 
> 
ofa body is essentially a straight line and the force I’ does not have 
> 


prey 
time to change appreciably. Here F and S are notin the same 
direction and let the angle between them be 8. The work done 
(W) by the force during this:small displacement.is given as 


w-lF| Is" cos 6 ‘s(2-46) 


oe 

If F and S are at right angles, 6=90° ; cos 9=0 and hence 
work done is zero. A force does no work if the body on which it 
acts moves in a direction perpendicular to the force. It is for this 
reason that a coolie, carrying a load on his head and walking along 
a horizontal railway platform is not doing any work. 


=> ea : 
if F and S$ are in the same direction 6=0 and kence 


>| I> 
welF Is bos cos 0°==1 
The work done on a body can be negative if 9 lies between 
90° and 270° as shown in Fig. 2°52 because in this case cos 6 is 
negative. 
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hi > 
An alternative approach is to replace the Force F by its rect- 
angular components parallel and perpendicular to the displacement 


> > 
S Fig. 2°53. The magnitude of the component parallel to S$ is 


eae 
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Fig. 2'52 


Fl ces 9 and the work done is the magnitude of this component 
multiplied by the distafice S through 


which the body is displaced. 


Work=Component of force parallel to the 
ahs Uidglacialast x Dicplacement : | (2-47) 
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Fig, 2°53 
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If theCos Gxomponcnl of the force points in the same direction a9 
displacement :S, the work done is positive (Fig. 2.54). If the paRate 
ent points in the opposite direction to the displacement s the 
work done is negative (Fig. 2°55). If the resultant force F is perpen- 
dicular to the displacement 3 6=90°, cos 0=0, there is ne compo-. 
pent oF F in the direction of 8 and the work done is zero (Fig. 2°56.) 


Positive work performed on an object increases the object’s 
energy, while negative work on an object reduces its energy. 


=> 
3-3 —_+_Y 
~ : 

|F | cose ‘ 


Fig. 2°54. Work done is positive. 


ee ek 


Fig. 2°55. Work done is negative. 
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Fig. 2°56. Work done is zero. 
Since work donc (W)=' F Fl !s eb 0, it ee work. done 


(W) is given by a scalar or dot ass of F and $ ie. 


w-lF F | ls Ss | Cos 6 =F i $ where 9 is the angle bet- 
> > > 
ween F and S. Further, since both force F and displacement S 
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are vectors, their scalar product W isa scalar. Hence work is a 
scalar quantity. 

Units of Work 

In the SI system, ifa force of one newton displaces a body 
‘through a distance of one metre parailel to the force, the work done 
is one joule. 

In the C.G:S. system, if a force of one dyne displaces a body 
through a distance of J cm parallel to itself, the work done is 
one erg. 

1 joule=1 Nxim 
=105 dynes x 10? cm=107(dynes x cm)=10” ergs. 


aan joule =107 ergs 


_ 2:22 WORK DONE BY A CONSTANT FORCE 


> 
Let a constant force F act ona body and displace {i through 

> 

S in the direction. . the force. Imagine that the body is <lisplaced 


mer 
through a very small displacement ds and the corresponding work 
done dW is given by 
dW=Fds tes(l) 
The total work done by the force in displacing the body 
through the distance S in the direction of the force is given by 
integrating equation (i) 


dW=fFds 
Cee ie WN dee yal ee 
But Fomaam7, =m «7 a =m .V. a de =V 


_ If wis the initial velocity of the body before the force was 
applied and ‘v’ the final velocity alter the force acted through* the 
distance S, then 


v 
fdW=JmVdV 
u 


y 
or Wom) |= 4m? — hme? 
a s 
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But ‘W=FS 


[cine | weo(2-48) 


If the body is initially at rest, v--0, then. the work done by 


the force will be 
Beis 


This expression (2-49) is a function of velocity and is a 
measure of the kinetic energy of the body i.e., Energy of motion. 


The right hand side expression of equation (2-48) gives the 
change in the Kinetic Energy of the body. Thus it follows that 
the work done by a force in displacing a body measures the change 
in its kinetic energy. ; 


2:23 WORK DONE AGAINST .. VARIABLE FORCE 


In actual situations, the magnitude of the force acting ona 
body may not always remain constant. For example, the gravi- 
tational force acting on 4 freely falling body increases with the 
square of the distance. The restoring force per unit area developed 
in an elastic string increases with extension, within. clastic limits. 
If the force varies, the work done can be obtained from a force 
displacement graph in which the component of the force in the 
direction of the displacement is plotted Fig. 257. 
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Fig. 2°57 
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Suppose the force is F when the displacement is x, then the 
work done during a further, very small displacement dx (which is 
so small that F can be considered constant during it) is Fdx, i.e. 
the shaded area of the thin shaped rectangle. By dividing the 
whole area under the curve into narrow strips, we see that the 
total work done during displacement § is represented by the area 
OABC. Thus 

x=OC 


Tori work: donb awe [Fax (2-50) 
x=OD 


Example 2°19. In 10 seca body of 6kg mass is dragged 
8 metres with uniform velocity across a floor by a steady force 
of 20N. Calculate 


(i) How much work is done ? 
(ii) What is the kinetic energy of the body ? 


Solution. 
(i) Work done=FS=20 x8 joules=160 joules 
(ii) *s : S=ut+}at? 
ee 8=ux104+4x0x (10)? 
or 8=10u 
- u=$ ms"! 
Se apna Energy== }mu2 =} x 6 x ($)? joules 
== 1°92 joules 


Example 2'20. A man pushes a boy upa hill on a sledge. 
He applies a horizontal force of 450 N, while a frictional force of 
5.N opposes the motion of the sledge. The boy and sledge 
together have.a mass of 36 kg. If the angle of the hill is 30° and 
the man pushes for 20 metres, (a) how much work does the man 
do on the sledge ? (b) How much work ‘does the force of gravitation 
do on the sledge ? How much work is done by friction on the sledge ? 


Solution. 


(a) The man provides work on the sledge since the compo- 
nent of his push is in the direction of the displacement. The com- 
ponent of the man's push up the incline actually does the work. 
This is given by: 


W=F cos 8 $= +(450N) (cos 36) (20 m)= +7794 joules. 


(6) Gravity opposes the displaccment ; hence, the gravity 
or weight force, of the boy and sledge does negative work on the 
sledge. The weight force makes an angle of 60° with the plane, 
we obtain the gravitational work 

=(F cos §)S=—(mg cos 60°) x20 m 


= — (36 x 9°8 x$)20 =— 3528 joules. 


. 
i 
1 
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(We-could also have computed the work by taking the pro- 
duct of the component of the weight along the plane (—mg sin 30°) 
and the displacement (20 m) and product is the same). 


() 
Fig. 2°58 


(c) The friction force (f) also does negative work on the 
sledge since it opposes the displacement. The friction force ( f) 
lies along the incline so 

W= —fs=(—5)(20)=—100 joules. 


This is equivalent. to computing W=/s cos ® where 6 
=180° or cos O==—1. 


The total work done=7794—3528—100=4166 joules. 
The fact that we iave associated plus and minus signs with 
work does not mean that work is a vector. It is not 1 Whether or not. 


the work is negative or positive is related to whether or not the 
force responsible for the work opposes the motion, 
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Example 2:21. A car of mass 10x10? ks., ‘travelling at 72 
kv toa 2 horizontal road is brought to rest in a distance of 
- 40mby the acticn of brakes and frictional forces, Find (a) the 
average stopping force, (b) the time taken to stop the car. 


Solution. 
1 721000 ie 
A speed of 72 kmh-1= 3600 =20 ms 


fa) If the car has mass m and initial cpeed u, then kinetic 
energy losi by the car=}mu? 


If F is the average stopping force and S the distance over 
which it acts, then 


Work done by car against F=FS 


But FS=}m2 
i Fx 40=4(1'0x 1000) x (20)2 
we F=5x 108N 


(b) Assuming constant acceleration and substituting v=0, 
u=20 ms“! and S=40 m in 


v2—12=2aS, we have 
O0—(20)?=2 x ax 4 
a=—5 ms? 


(the negative sign indicates the acceleration in the opposite ditec- 
tion to the displacement) 


Using v=u-+at 
0=20—5t 
ae t=4 sec. 
2:24 ENERGY 

‘Energy is a basic property of matter that is manifested in a 
bewildering variety of forms. Mechanical energy, for example, is a 
form possessed by objects asa result of their position, distortion 
or Keat is a form of energy usually associated with the 
i femperature of objects. Electricity is a form of energy, 
and a chemical reaction is a source of energy, All forms of radiation, 
Such 48 sound, light, radar, tadio waves, X-rays, and y-rays, are 
types of energy. And the ultimate form of energy, as we know 
from Einstein’s special theory of Relativity, is mass itself. 


Energy is such a critical Concept in physicx and in its appli- 
cations to engineering, chemistry, biology, geology, etc., that we. 
shall now explore at some length its many facets. The mst impor- 
tant characteristic of energy is the fact that it is a conserved ‘quan 
tity. To gain @ preliminary ‘understanding of this “principle of. 
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conservation of energy”, we shall restrict-ourselves to one small 
part of the energy picture—mechanical energy 


The capacity of a body for doing mechanical work is 
known as its mechanical energy. It is measured by the total 
work the body can do under the circumstances. (position, configura- 
tion or motion) in which it is placed. 


Since energy means the amount of work that a body can do, 
the units of energy are the same as those of work. Therefore, 
joule and erg which are units of work in the SI system and c.g.s. 
system respectively are also units of energy. 


The falling water at Niagara or Bhakra-Nangal Dam is used 
to drive dynamos which generate electricity. Hence the elevated 
water of the falls has got energy. A wound spring moves the hands 
of a watch, and so it has energy. Wind has energy, for work is done 
by it when it drives a boat. 


Mechanical energy may have either of the two forms, Kinetic 
and Potential. 

Kimetic energy. (Energy of movement) : A body in motion 
has energy due to its motion alone. Such energy is known as 
kinetic energy and is measured by the amount of work the body 
can perform against external impressed forces before its motion is 
stopped. 

As explained in article (2°22) earlier in this unit, the kinetic 
energy of a body is given by equation (2-49) 


Le., Kinetic Energy =3mv? 
where m= mass of the body. 
ana y= Velocity of the body. 


or Kinetic Energy =}(mass) x (Velotity)® | «..{2-50) 


Equation (2-50) tells us that the work done by a force on an 
object causes the kinetic encrgy of that object to change. Kinetic 
energy and work are not identical quantities, they are related con- 
cepts, linked by the fact that the imposition of one—work—on 
any object causes a change in the magnitude of the other—kinetic 
energy. This link demands that energy is measured in exactly the 
same units as work. In addition, the two concepts are both 
non-directional, scalar quantities. ‘The fact that energy is a scalar 
quantity makes it much easier to deal with than, say, forces. 


The equation (2-50) also shows that kinetic energy of an 
object increases if positive work is performed on the cbject and 
decreases if the work is negative, 
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The bullet fired from a Tifle, the rotating flywheel of an 
engine, a falling body, a swinging pendulum, a common ball in 
motion have all got kinetic energy. Electrons are the smallest 


in a television picture tube, whose impacts on the tube screen 
produce tiny flashes of light. Such electrons have high speeds and 
hence possess large kinetic energy. 


Potential energy. (Energy of Position). Work can also 
alter the energy of objects without affecting their speed. Imagine 
that you pick up an object, say a book, and lift it, very, very 
slowly without giving it any acceleration. In order to make it move 
vertically upward, you must apply a force equal to the weight of 
the book. You must, in other words, do work on the book. This 
work does not change the speed of the book, however ; for after 
you have lifted it, the book has zero speed, just as it did before. 
Rather, the work increases the height of the book, or, to put it 
more generally, it changes the book’s separation from the earth: 


We can, therefore, define a new type of energy, the energy 
of position. Technically, this is knows as potential en 


Returning to the.problem of lifting a book, we see in Fig. 2.59 
that the minimum force F Tequired just to lift the book, equals its 


F 
~c nee 
mg 


Fl 


ere open PS os 
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weight mg. Application of any force greater than this will cause 
the book to accelerate upward and thus increase its speed. So, if 
Wwe use just the minimum force and lift the book a distance ‘h’, we 
will do an amount of work W on the book given by the equation. 


W= FS =(mg)h=mgh -..(2-51) 


Since this work has increased the gravitational energy of the 


(PE) we can write the change in gravitational potential energy 
-E.) as 


Change in P.E.=mgh, 


The quantity mgh represents the gravitational potential energy 
near the earth’s surface. It is the book’s energy of position and 
is the result of the presence of the gravitational force. In equation 
(2-51), the work done by our effort to lift the book produces a 
change in the potential energy, since h represents a change in the 
book’s vertical position. We can arbitrarily assume the value of h 
to be zero at its starting point on the horizontal table and call the 
Potential energy at height h above the table mgh. Thus 


P.E. of a body=mgh we (2—52) 
where m=mass of the body 
g=Acceleration due to gravity 
and h=vertical height through which the body is 


raised from the ground level or zero or start- 
ing position. 


A lifted weight, like a Pile-driver, does work when falling down 
under the force of gravity. So, it has potential energy. Water 
stored up in elevated reservoirs in municipal water supply, for- 
mations of ice ona mountain top, are also similar instances of 
potential energy. A coiled spring as in the case of a watch or of a 
gramophone, a bent or compressed spring, compressed air, etc., 
have potential energy for, in coming back to the normal configu- 
Tation (condition), each one of them can do work, The earth 
re oy instance, has potential energy with respect to the sun 

ig. 2°60). 


We are now in a position to investigate the combined effect 
of work on the kinetic and potential energies. If, instead of just 
lifting the book (Fig 2°59) by applying the minimum force, we give 
it an upward heave that accelerates it as well as lifting it to a new 

height, both the position and the speed of the bodk will change. 


, (@High Potential Energy 


PE. + KE, = constt. 


(6) Low Potential Energy 
Fig 2°60 


‘Therefore work=(47y®—4nu%)+mgh where u is the initial velocity 
and y is the final velocity. 


“or Work=Change in K:E.+change in P.E. «..(2-53) 


This equation (2-53) is often called work-energy principle 
and it is an extremely useful relation for solving a variety. of prob- 
lems involving mechanical energy. Work done onan object produ: 
ces x aks in the object’s kinetic energy or its potential energy 
or both. 


If we consider a situation in which no external forces other 
than gravity act on an object then no work can be done on the 
object therefore, 


0=Change in K.E.+-Change in P.E. 
or Change in K.E.=—Change in P.E. 
This means that any increase in K.E. is exactly equal to the 
decrease in P.E, and vice versa. In other words, the total mecha- 
nical energy of any system unchanged by external forces remains 


constant. What this statement means is that mechanical energy is 
conserved, Its form may change, but its total amount does not. 


225 LAW OF CONSERVATION OF ENERGY 


The above example is a specialized case, involving just mech- 
anical energy, of an all cmbracing law of conservation of energy 
‘that applies to all the physical universe.. The law can be stated as ; 


| 
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“The sum total of energy possessed by a material 
system remains constant. In the absence of any external force, 
energy can neither be created nordestroyed ; it can be trans- 
formed from one type to another with exact equivalence? 


OR 


\ “The total amount of energy in the universe or in any 
isolated system remains canstant.”’ 


The key word in the second statement is isolated. The requi- 
rement that the system be isolated provides a very iporteat 
Testriction to the law when we come to deal with practi 
problems. In the case of mechanical systems, isolation requires 
that no external force can act on the system. But in attacking prac- 
tical problems, we must also ensure that no other type of energy 
gets into or out of the sysytem. When heat energy is involved, 
for example, as it generally is in practical problems, an isolated 
system is one that neither takes in nor emits heat. 


The Law of Conservation or Energy states that the mechanical 
energy lost is not really destroyed but reappears in some other form 
cr forms in equivalent quantity. Thus the loss of mechanical energy 
in the case of a body sliding down an inclined plane or that in the 
case of two bodies making a collision, is really not a loss, for an 
equivalent energy reappears in each case mostly as heat and partly 
assougd. When a falling body touches the ground, the 
mechanical energy is reduced-to zero but is transformed in equi- 
valent quantity mostly into heat and partly into sound. Thus, 
we find that whatever be the system of forces acting on a body, 
the total energy of the system will be found to remain constant, 
-if we take into account all the different forms of energy to which 
energy is transformable namely, mechanical, thermal, magnetic, 
electrical, sound and light energies etc. Sometimes it becomes 
really difficult to trace out the different forms into which energy 
transforms itself and makes us doubt the validity of the law 
but when closely examined, it will be found that the situation 
arises not due to any defect in the universal character 
of the law but due to our nadequate knowledge of the transfor- 
mations. Consider the -:arious transformations of energy in 
the case of an ordinary steam engine connected to a dynamo for 
the generation of electricity. When the coal burns, we get heat 
energy. The heat does work in changing water to steam, which 
then expands. The expanding steam exerts force and causes the 
piston to move, and thus runs the engine. Thus heat energy is 
transformed into mechanical energy, and when the engine drives 
a dynamo, which generates electricity, the mechanical energy is 
converted into electrical energy. This energy can be transmitted 
by wires and made to do useful work such as driving trains where 
electrical energy is reconverted into mechanical energy ; lighting 
lamps in houses, where electrical energy is reconverted into light 
energy and in this way various other transformations may take 
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piace, but whatever -are the transformations, the total energy of 
the whole system will be constant. Again the Hydro-electric power 
plants such as Bhakra-Nangal, Baira Siul, Srisailam etc., water is 
stored at a certain height in large reservoirs and thus it possesses 
potential energy. It is made to fall through a certain height, 
converting its potential energy into the kinetic energy of falling 
water. At the end of the fall, the water is made to turn a turbine 
which drives an electric generator, giving electrical energy which 
may disappear in one form and reappear in another. 


The law of conservation of mechanical energy is best illus- 
trated by a body falling freely under the action of gravity. 


‘Body Falling Freely under Gravity 


Let a body of mass m be raised from the ground level 0 to A 
at‘a height ‘h’ (Fig. 2.61). The work done on the body to raise it 
against the force of gravity is mgh. 


This work is stored in the body as Potential’ Energy (P.E.). 
‘Let the body at A be at rest. At A, 


Kinetic Energy (K.E.)=0 
P.E.=mgh 
An K.E.+P.E.=mgh Foe) ) 


Let the body now fall through a distance x and come to B. 
To obtain the velocity (v) at B, we have 


u=0 . : i 
ven? k 

a=g } 

s=x ¥ os 


ay yi—y2=2qs 
Ai vi— O= 2px 


v8=2¢x 
Hence at B, 
K.E.=}mv2=4m(2gx)=mgx , m a 
P.B.=mg(h—x)=mgh—mgx Fig 2°61 oa 
K.E+P.E.=mgx-{mgh—mgxpmgh (2) 


Qn reaching O, let the velocity of the body be V, ther 
u=0 v=V=? 
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a=g, S=h 
V2—O=2gh (“. —yI=2as) 
lfence at O, 
K.E.=}mV2=mgh 
P.E.=0 
. K.E.+P.E.=mgh -<(iii) 


The equations (i), (ii) and (iii) show that the total energy of u, 
body falling freely under gravity remains constant and is always 
equal to mgh which is independent of x or the position of the bo ly 
during its fall, On striking the ground, the body finally comes to 
test. The K.E. possessed by the body is thus lost, being converted 
into other forms. 


Atomic bomb has, however, shown’ that mass can be trans- 
formed into energy in accordance with the following relation 5 


Ene | (2-54) 


where E=Energy equivalent of the mass 
m=mass converted into energy 
c=Speed of light =3 x 108 ms~1 
This relation was established by Albert Einstein in 1905 in 
his Special Theory of Relativity. Thus mass, like heat, sound, 
light, ete., is also a form of energy. This relation is known as mass- 


energy relation. If m is measured in kg, c in ms”, E is then given 
in joules. 


Suppose ah, kg of mass is converted into Energy. The 
amount of energy available will be 


1 aa $y 
E= To99 * (3% 108)? 9x 1018 joules 


which is a very large value. 


The relation (2°54) shows that mass and energy are inter- 
convertible. In this universe, most of the energy is in the form 
of mass energy. But we do not know how to convert mass com- 
pletely into energy, though during nuclear reactions including 
fusion and fission reactions, a very small portion of mass is 
converted into energy. The energy which the sun conti- 
nuously emits is derived as a result of conversion of a small 
quantity of mass into energy during the fusion of hydrogen 
nuclei taking place continuously in the sun. Almost the whole of 
our available energy comes from the sun. A vast store of energy 
can be made available from the matter in the universe. 
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Example 2°22. A bullet of mass 10 g travelling horizontally 
at a speed of 10x 10? mst embeds itself in a block of wood of 
mass 9°9 x 10? g suspended by strings so that it can swing freeiy. 
Find (a) the vertical height through which the block rises, (6) how 
much of the bullet’s energy becomes internal energy (g=9°8 ms2). 


Solution. 


(a) The bullet is brought to rest very quickly due to the 
resistance offered by the block and we shall assume that the block 
(with the bullet embedded), hardly moves until the bullet is at rest. 
Momentum is conserved in the collision and so 

mu=(M+m)y 
where mand M are the masses of the bullet and block respec: 
tively, uis the velocity of the bullet before impact and v is the 
velocity of the block and bullet as they move off. 
10 x 10-3 x 10x 102 =(990+ 10) x 10-3 x 2 

A y=1'0 ms? 

When the block has swung to its maximum height ‘A’, all its 
kinetic energy has become potential energy—if frictional forces are 
neglected. Conservation of energy therefore holds and we can say 


4(M -+m)v2 =(M-+m) gh 
jes 


2g 


h= ss x10 m. 
(6) Original K.E. of the bullet 
w2=4(10 x 10°S) x (10 x 102)2—=50 J 
2. of block+bullet after impact 

=}(M-+m)v2=4(1000 x 1078) x (1)?=0°S0 J 
Therefore, internal energy produced 

=loss of K.E. 

=50—0'50=49'5 J 


or 


2.26 POWER. 
Like the term work, the term power has a scientific meaning 
that differs from its every day meaning. When we say # person has 
reat power, we usually mean he has great strength of he wields 
reat authority. [In physics, the term power means the rate of 


doing work. 

A man does the same amount of work whether he climbs 
a flight of stairs in one minute or in one hour, but he does not use 
the same amount of power. Power depends upon three factors : 


. 
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(i) displacement of the object 


(ii) the component of the force in the direction of the dis- 
placement, and 


(iii) the time required. 
Since power is the time rate of doing work, 


+++(2-55) 


where P=Power 
W=work done hb) an agent 
t=time in seconds 
ems > o>. 
Since W= | F| |S|cosO=F. S 


> > 
where F is the force and § is the displacement and 0 is the angle 


> > 
between F and S. 


ats 
LF| |S{cos@ _ F. 
tEL tS los at 8 


p= 


ue 
where v is the velocity. 


Units of Power. : 

The power of an agent is unit if it does unit work in unit 
time. 

The unit of power in SJ system is joule per Second (Js“4) or 
watt. When work is measured in joules and time is measured ia 
seconds, power is expressed in watts. A watt isa joule per second, 
This unit is named in honour of James Watt (1736—1819), who 
designed the first practical steam engine. 


Since the watt is an inconveniently small unit, power is more 
commonly measured in units of 1000 watts, called kilowatts (kW) 


| 1 kilowatt (kW)=103 watts. | 
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Because we have heard the terms watt and kilowatt used fi 
_ quently in connection with electricity, we may think that the 
terms apply only to electric power. This definitely is not so. Th 
watt is the basic unit of powerin SI system and may be used - 
* express quantities of mechanical as well as electric power. 


An earlier unit, still in common use, is the horse power, 
which isa somewhat arbitrary estimate James Watt established 
for the power of an average horse. One horse power (HP) is 

al to 746 watts. An average man can work at the rate oJ 
about } HP or approximately 100 watts. 


In the C.G.S. system, the unit of power is | erg per second, 4 4 


| 1 watt =1 J s-1=107 ergs/sec. 


The rating of electric lamps, fans etc., is generally given 3 
watts. Thus a 100 watt lamp consumes electrical energy at the 
rate of 100 Js". If this lamp is lighted for an hour, the energ} 
consumed is 1006060 joules. This is expressed in units ¢ 
(power) xX (time). In this case, the energy consumed is stated 
100 watt-hour. It should be noted that watt-hour is a unit for en 
and not for power. 


1 watt-hour=3600 joules 


_ Another large unit of energy is called kilowatt hour (KW1 
which is equal to 1000 watt-hour. 


Thus 1 KWH=1000 watt-hour 


- =1000 x 3600 joules=36 x 105 joules. 


Example 2:23. A well 20m deep and 3:5 m in diamet 
contains water to a Jepth of 10 m. A pumping engine empties it 
one hour. Find the power of the engine. 


Solution : 


Poe 
t 


Now volume of water (V) -( ~~ )xh 


where dis the diameter of the well and 4 is the depth 


22x (3'5)2. 
OM etret nar ae x10 
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Now dt y= 
a Mass (M)=pxV 
=1000 5. 192500 kg 


Now the wateris at a depth of 20 mand water is upto a 
depth of 10 m. therefore, the water can be considered to be an aver- 
age depth (h’) of (24% )=15 m from the top: 

Work down (W)=m gh’ 
and Power W_ meh 
192500 x 9°8 x 15 
= 3600x2 


watts = 3B ar 162 kW 


24325 
2 


Example 2:24. A puinp can hoist 10000 kg. of coal per 
hour from a coal mine 120m deep. Calculate the power of the 
engine, assuming that the efficiency is 80%. 


Solution. 
Mass=m=10.000 kg 
Depth=4=120 m 
g=9'8 ms-2 
Time=t=] hr.=3600 s 
Efficiency=1=80% 


Power=P=—™_mgh 
10 200% 5 8120 = wales 


a Output Power 
Now efficiency (9) ” Input Power 


*. Input Power=utPut Power 100 


x 100% 


9800 
=F xg0 100 


== 4083°33 watts=4'08333 kW 
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Example 2:25. An elevator motor is used to lift an elevator 
and its load (total’1500 kg) to a height of 20m. The time taken 
for the job is 20s. What is the work done? What is the rate 
at which the work is done? If the efficiency of the motor is 75%, 
at what rate is the energy supplied to the moto: ? 


Solution. 
Force requiredto lift the elevator=1500 x 9°8= 14700 N 
Height through which it is lifted =20 m 
Work done=14700 x 20=2°94 x 105 joules 
Time taken=20 s 


Rate of doing work= zo 10° _ 1-47 104 watts 
Efficiency (1) of the motor=75% 
5 Output 6 
But efficiency (1) “Taput x 100% 
‘ — 147x106 
As S= Tnpat x 100 
Input = 147x108 X100= 1°96 x 104 watis 


which is the rate at which energy is being supplied. 
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We have already learnt that a body lying ona horizontal 
surface is in equilibrium under the action of two forces, the weight 
of the body acting vertically downwards, and the reaction of the 
surface, equal to the weight of the body, acting vertically upwards. 
As these forces have no component acting along the surface (being 
at right angles to the line of action of the forces), the body ought 
to move, if a force, however, small, acts along the surface. But, as 
a matter of fact, we know from experience that the body does not 
move unless a definite force is applied in that direction. The force 
with which we try to move the body is resisted by some other 
force which comes into play when we try to move the body. Thus, 
if there are two bodies in contact, any attempt to move one over 
the other will set up forces in between them which tend to oppose 
their relative motion. Such opposing forces are known as friction 
forces. ; 


“Friction may thus be defined as the temporary resis- 
tance (opposing force) offered to a body sliding on the surface 
of another body or moving in another medium.”’ a 
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2:28 ORIGIN OF FRICTION 

The surfaces of 
bodies are never perfectly 
smooth. Even a highly 
polished surface when ‘ 
seen under a powerful Y MY Ej = 
microscope reveals dents YU 
and irregularities [Fig. YY, 
2°62] of the surface. Ld 
When one body is placed 
upon a level surface of Fig. 2°62 
the same or different 
material, there is a certain degree of interlocking of these irregular 
projections on the two surfaces, 

When a force is applied to make a body move over the 
surface of another body, the motion is resisted due.to the interlock- 
ing of the large number of irregularities and thus an opposing force 
develops’ which is the force of friction. 

Thus friction is due t roughness of the surfaces in contact 
and arisés‘on account of adhes‘on i.e., the mutual force of attrac- 
tion between the molecules of the two contacting surfaces. If the 
surfaces are highly polished, this force will be small, though it will 
never be equal to zero. 

2.29. EXPERIMENTS ON FRICTION (Nature of Friction) 

A wooden block S, known as the slider (Fig. 2°63), is attached 
to a string which passes R 
over a pulley, carrying a 
scale pan at the end. The 
slider is placed on a smooth 
horizontal wooden plame_ Ff 
AC. It will be seen that it 
does not move, though a 
force equal to the weight of 
the pan acts horizontally 
on it. \This is due to. the 
fact that the force of fric- Js mg 
tion, which comes into : 
operation between the two Fig, 2'63 
surfaces is quite sufficient to neutralise its effect, that is, the force 
of friction is equal and opposite to. the weight of the pan. 

Place a small weight in the pan. The slider is still found to 
be at rest. This shows that the frictional force has also increased 
proportionately. But, if the weights in the pan are gradually increa- 
sed, a point will come when the slider will just begin to move. Evi- 
dently, up to this point, the frictional force between the surfaces 
gocs on increasing proportionally with the weights placed in the 
scale pan and is quite sufficient to balance the weight of the pan 
and its contents. But when it reaches this point, it cannot increase 
any further. This maximum or limiting value of friction is known: 
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asthe limiting friction and is obviously equal to the weight of 
the scale pan, together with the weights placed in it, when the slider 
just begins to slip. 

Ifa heavier weight is placed over the slider it will be seen 
that the weight in the pan is to be increased considerably before 
the slider begins to slip. By careful experiments it is seen that 
when the total weight on the plane, and hence the normal reaction 
of the plane is doubled, the weight of the pan with its contents, 
which is equal to the limiting friction is also doubled. Thus, we 
see that the limiting friction is proportional to the normal reaction. 
If the slider be now placed on its side instead of on its base, 
it will be seen that the same force will be required to move it as 
before so long as the weights placed on it remain the same. The 
force of friction is, therefore, independent of the area of the surfaces 
in contact.. But if a slider ora plate of some other material be 
placed on the plane with the same weights on it (so that the normal 
Teaction of the plane remains the same as before), the limiting 
friction will be altogether different. Thus, friction depends upon 
the nature of the surfaces in contact. 

The ratio between the limiting value of the friction and the nor- 
mal reaction. for a given pair of surfaces is constant, known as the 

_ cochhi of friction, and is generally represented by the letter 4. 
Ning if F be the limiting friction, and R, the normal reaction, we 
ve 


F=,R. «--(2-57) 


= =p, whence 


The following observations, taken from the laboratory note-book of © 
a student, will illustrate the point. 
Experiment—Friction between wood dnd wood. 
Weight 


of the slider=100 gm=0'1 kg 


Weight of hanger 
Weight on a £ 
No. slider Weight on it => 
Biles ca R 
kg kg 
cr 0180 *180-+*1="280 0:077 214 
2 0850 =| 0'850-+"1=0°950 0°258 ‘272 
3 19150 | 1°1504-0'1=1°250 |- 0346 277 
paeera 
Mean "218 
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The value of the coefficient of friction varies with the nature 
and the actual state of the surfaces. For wood upon wood, when 
smooth, it is between ‘25 and ‘5 ; for two polished metal surfaces, 
itis about °2, but when the surfaces are lubricated, the value may 
be reduced to half of this. 


Thus, if a wooden block weighing 200g is restingona 
wooden ‘surface, the force required to put the block into motion 
would be equal to 200x°5= 100g weight, if the coefficient of 
friction between the surfaces is ‘5. Similarly, ifa railway train of 
weight W is at rest ona railway track, then the force which i is 
necessary to start the train must be greater than ‘2x W, where ‘2 is 
the coefficient of friction between the wheels and the track, and if 
‘the wheels are lubricated, then a force of one-half this magnitude 
would be sufficient. All these experimental results can be summari- 
sed into laws, known as the laws of friction. 


2:30 LAWS OF FRICTION 


1. The direction of the force of friction is always opposite to 
that in which motion takes place or tends to take place. 

2. The force of friction is always equal and opposite to the © 
applied force, before the motion takes place, but for a given pair of 
surfaces, it has a maximum value, known as the limiting friction. 

If, however, the value of the force applied is greater than this 
limiting friction, the motion will ensue. 


Thus, if P is the applied force acting on a mass m, and F, the 
limiting friction, we have 


‘ P— 
acceleration, a= 


P>F 


3, The limiting friction between two given surfaces is propor- 
tional to the normal reaction between them, that is, F a R, ti 
quotient F/R being known as the coefficient of friction. 

4. The limiting friction is independent of the areas of the sur- 
faces in contact but depends upon their nature. 

The following table gives the value of the coefficients of trice 
tion for some important pairs of substances : 


1. Wood and wood 0'25 to 05 
2 yy Metal 0'5 to 0°6 * 
3. | Metals ,, metals 0°15 to 0:20 
4. oss »» ‘Stone 05 
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231 STATIG AND DYNAMIC FRICTION 


The torce required to make a body just slide . over the surface 
of another, measures the static or Starting friction, whereas the 
force necessary to maintain a body in steady motion over the 
surface of another body, after the motion has started, measures the 
dynamic or sliding or tic fri een the two surfaces, the 
former being always greater than the latter. 


Further, the dynamic Sriction is independent of the velocit y of 
the body, provided it is neither too great nor too small. Evidently 
then, there is a second coefficient of friction, corresponding to the 
dynamic or ‘kinetic friction, called the coefficient of dynamic or 
kinetic friction. It ig given by the relation 


where ys is the coefficient of kinetic friction and Fr, the frictional 
Sorce called into play when the bodies are moving. 


dynamic (or kinetic:and) the static frictions for some pairs of 
surfaces. These are only typical values. They vary greatly depen- 


ding upon the condition of surfaces, grain of wood, contamination, 
Moisture etc, 


Coefficient of Friction 


Material 
, é Kinetic (ux) Static (j.) 
: 

Wood on wood (dry). 04 07 
Steel on steel (dry) 04 05 
Steel on steel (oiled) 0°03 0"1 
Metal on leather (dry) 0'5 06 
Wood on leather (dry) 04 0°5 

ubber on concrete ie) 07 09 
Rubber on concrete (wet) 06 07 
Waxed wood on snow 0°05 — 
Metal on ice 0°02 0-4 


2:32 STABILITY ON A ROUGH INCLINED PLANE 


A body of mass m when Placed on an inclined Plane is acted 


i ow by a force mg sin 6, causing the ‘body to move down the 
Plane ; therefore we expect that when that, plane is slightly tilted, 
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‘the body must move down. But, we actually find that the body 
does not slide down until the plane is‘considerably tilted. 


& <-? 


Fig 2°64 


Let us suppose that a body of weight W is resting on a plane, . 
which is slowly tilted till the body just begins to slip, and let 6 be 
the angle that the plane now makes with the horizontal. Then 
the forces acting on the body are (i) the /weight W of the body, 
Gi) the reaction R of the plane, and (iii) the limiting friction F 

etween the two surfaces. The weight W can be resolved into two 
components, along and perpendicular to the plane. The component 
along the plane is W sin 8 and this tends to move the body down, 
while the other component at right angles to the’ plane, is W cos 8, 
Since the body is in equilibrium under these forces, clearly, 


F=W sin 0 and R=W cos #. 


f artes F_ Wsin 6 
. Coefficient of friction, p= R Wes tan 6. 


or | w=tan 0 | see (2-58) 


This angle © at which the slip is just on the point of commenc- 
ing is known as the angle of friction, and the coefficient of friction 
is therefore; equal to tangent of the angle of friction. The angle of . 
friction is found to be independent of the areas of the surfaces in 
contact but depends on the nature of the surfaces in contact, 


2:33 EFFECT OF FRICTION ON MOTION OF BODIES 


As friction always acts in a direction opposite to that of the © 
motion, it acts as a retarding force producing negative acceleration. 
Thus, if a body of mass m is movatg along a horizontal surface... 
with a velocity u, it will be cofitituously retarded by.a force of 
friction and therefore, ultimately it will come to rest, Iiithis case, 
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the normal reaction of the plane is mg and if is the coefficient of 


dynamic friction, the limiting friction is zmg, and, therefore. 
retardation, a= Pre mug. 


The body will, therefore, be brought to rest in time t given 
by the equation 
O=u—at=u—pgt, (substituting the value of a] 


4 u 
t= —— 
whence, 


And the distance S which the body will travel during the interval 
is given by the equation 


0818 —2 (ug)S or u2=2(ug)S 


or, S= am 


Again, (i) if the body is dragged over the horizontal surface 
through a distance S, then the work done against the force of fric- 
' tion is equal to FxS=ymgxS. This work is irrecoverable since it is 
converted into heat and, therefore, it is lost to us for all mechanical 
Purposes. . 


(ii) If the body is moving down an inclined plane, the force 
which is tending to move it down in mg sin 0 and the force of fric- 
tion which is opposing its motion is wing cos.0. The resultant force 

_ acting on the body is, therefore, mg sin 0—ymg cos 0, and the 

acceleration ‘a’ produced will, therefore, be 


a 


heey mg sin +m cos 6 =g sin 0—pg cos 0 
| 

(iii) If however, the body is dragged up an inclined plane, then 
work has to be done both, against gravity and also against friction. 
If be the height of the inclined Plane and /its length, the work 
done against gravity is mgh, and the work done, in overcoming 
friction is 4 mgl cos 8. Hence the total work done, in this case is 
equal to mgh-+umgl cos 0, 


2:34 ROLLING FRICTION : 
‘When a spherical or a cylindrical body rolls over a plane 


Surface, a certain amount of friction is offered to its motion, This 
48 valled rolling friction and the corresponding coefficient is called 


conficient of rolling friction (+r). It is’ due to the deformation “of 


% 


4 
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the body on the surface, or vice versa: (Fig. 2°65). It is very much 
less than the’ sliding friction, for the same pressure between the 


bodies. Thus, the rolling friction of steel on tubber is about 
itoth of the sliding friction of steel on Steel. It is due to this that 


=) 


Fig. 2°65 Fig. 2'66 


wheeled carriages are used on roads instead of sledges and that ball 
bearings, (Fig. 2°66), are used in bicycles etc. 


2:35 FLUID FRICTION 


When a solid body moves slowly through a liquid, the layer 
of liquid in contact with the solid body also moves along with it. 
‘Layers of liquid away from the body move also, but with a smaller 
velocity. From this it is evident that when a solid body moves in 
a liquid, a certain amount of kinetic energy is acquired by the 
liquid, which 1s to be supplied by whatever keeps the solid body in 
motion. It thus follows that resistance is offered by fluids, but 
this resistance is of an entirely different nat\re and is called viseo- 
city of the liquid. Viscous resistance depends. upon the velocity 
of the solid body and varies as the square of the velocity of the 
moving body, e.g., when the velocity is doubled, the resistance 
becomes four times. 


2:36 IMPORTANCE OF FRICTION 


It is evident from the above that friction plays a very impor- 
tant part in our daily lives, All bodies that move on the ground 
do so without slipping on account of it. When this force becomes 
less, the bodies are likely to slip. This explains why a cyclist. is 
more likely to slip on a muddy road than on a dry road and a 
person is more likely to slip on ice or a polished floor than on a 
rough surface. It is on account of friction that stones or objects 
can be piled one upon thé other, without falling. Again, ‘transmis- 
sion of power by belts would be i ible. without friction. Sand 
Paper, grinding stones, ste also depend upon friction for their 
action.. Further, since rolling friction is less than sliding ‘friction, 
we can understand the use of sledges (wheelless carriages) in\ arctic 
tegions and the use of wheeled carriages in other places. This also 
explains why sand is spread over tarred roads in wet weather, why. 

i ¥, wd 


Rubber 


mane 


a cricketer uses shoes with spikes aud why it is more difficult to 
walk on sand than on hard ground. But it must be -remembered 
that the check of motion by friction is often a disadvantage, for it 
results in a lot of wastage of work in machines. While moving any 
part cf a machinery on another part, force must be exerted not 
only to move the load but also to over-come friction. This work 
done against friction is generally converted into heat and it cannot 
be recovered. Also due to friction there is wear and tear between 
the various parts of a machine and hence the rubbed surfaces have 
to be repaired. Speed of automobiles cannot be increased beyond 
a certain limit due to friction. Thus we find that though friction 
is a necessity in life but it is an evil as well. 


2°37 METHODS OF REDUCING FRICTION 


As explained above, friction can be reduced.by having highly 
polished surfaces and wherever possible by substituting rolling 
friction for sliding friction. For the same reason ball bearings are 
used at the axle ofthe wheel. In actual practice, the wheel is atta- 
ched to the axle whereas the bearing is made a part of-the frame 
of the car, and consequently the axle rolls on the balls and the balls’ 
Toll on the bearings. 


To still further reduce friction, grease or an oil lubricant is 
used. This holds the surfaces apart so that inequalities or projec- 
tions do not interlock tightly and the rubbing takes place between 
the layers of the lubricants instead of between the solid surfaces. 
In order that the lubricants may not be squeezed out of the bear- 
ings, it is necessary that in heavy machinery thick oil must be. 
used, whereas in light machinery, like watches etc., thin oil is used. 


When a body moves in air with small speeds, it is the mecha- 
nical friction that matters most ; for the friction due to the resis- 
tance of air is small. At high speeds, on the other hand, it is the 
‘air resistance that is predominant. This explains why the shape of 
fast moving bodies such as railway trains are streamlined. 


Air blower 
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The use of air as a Iubricant has great potentialities. Puri- 
fied air is compressed and employed asa lubricant. It forms an 
elastic cushion between the moving parts and eliminates the prob- . 
lem of friction and heating. The outflow of air from the machine 
also prevents the entry of dust into the machine. The principle of 
floating a vehicle on a cushion of air from a compressor to prevent 
(aha a is-used for efficient locomotion in Hoover Craft’ 

ig. 2°67). 


Metals of low coefficient of friction (Anti-friction metals) 
are used for lining the moving parts of the machinery to reduce 
friction. When steel slides over'an alloy, such as bronze or brass, 
the ae of friction is much less than when steel slides over 
steel, 


238 TERMINAL VELOCITY 


When a body falls under the action of gravity in air, its 
velocity depends on its weight and the resistance of the air, which 
in turn, depends on the area of the surface. of the body. This at 
once explains why a small bird can fall through a great height 
without being injured, whereas a man may be killed in the same 
fall ; for, proportionately, the bird offers much greater resistance 
to the air. The air resistance increases with the velocity with the 
result that as the velocity of the falling body increases, the air resis- 
tance also increases till a stage is reached when the air resistance 
becomes equal to the weight of the body. The body then begins to 
move down wita a uniform velocity. This velocity is called the 
terminal velocity. This terminal velocity of a man is about 193 
km/hour but with a parachute ir is only 32'2 km/hour which cor- 
Tesponds to a jump from a roof, less than 4°8 m high. The terminal 
velocity of snowfall is only a few metre per second. 


Example 2:26. A bullet of mass 0:01 kg is fired horizontally 
into a4 kg wooden block at rest on a horizontal surface. The 
coefficient of kinetic friction between the block and the surface is 
0:25. The bullet: mains embedded in the block and the combina- 
tion moves 20 m befo.e coming to rest. With what speed did the 
bullet strike the block ? 


Solution. 
Mass of the bullet=0'01 kg 
Let u be the initial velocity of the bullet 
Kinetic energy of the bullet=4(-01) u® joules 
Coefficient of kinetic friction =p.x=0°25 
Normal Reaction=R= Weight =4x9'8 N 


Now pe= z where F= Frictional force. 
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aS . F=pR 
=0'25 x4x9'8 
=9'°38N 


Since the final velocity of the block=0 after covering. 20 m, 
so change in Kinetic Energy=}(0'01)u2 joules. 


But change in K.E. is equal to work done by the frictional 
: force against the block. 


-. H0.01)u8=F x S=9'8 x 20 
or u=197:96 ms71 


Example 2:27. A truck tows a trailer of mass 1200 kg at a 
speed of 10 ms! on a level road. The tension in the coupling is 
1000 N. What is the Power expended on the trailer? Find the 
.tension in the coupling when the truck ascends a road having an 
inclination of 1 in 6. Assume that the frictional Tesistance on the 
incline is the: same as that on the level road. 


. Solution, 
Force applied by the truck—J000 N 
Distance moved per second=10 m 
«. Work done per second or Power expended 
=1000x 10=104 Js-1 
=104 watts 


Now. ; sin 0=1/6 


SS ee eee 


Sie aie 
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-. Total force applied =F+W sin 9 
=1000-+1200 x 9°8 x 1/6 
=10004-1960=2960 N 

Example 2:28. Find the distance travelled by a body 


before coming to rest if it is moving with a speed of 10 ms! and 
the coefficient of friction between the ground and the body is 0°4. 


Solution, 
Here pea 
R 
F=.R 
But F=ma where a=Retardation 
and R=mg 
fa ma=mg 
or a=pg=0'4X9'8—e3'92 ms 2 
Hence v2—42=2as 
0—(10)?=2(—3°92) x 5 (" ais retardation) 
$=12'75 m 
SUMMARY 
1, Scalars are quantities that are independent of direction, Vectors depend on 
direction. vector equivalent of distance is called displacement, 


2. Vectors not in a straight line are added and substracted using simple tri- 
gonometry. In vector addition, the tail of each successive vector is placed 
at the head of the previous one, with their lengths and original directions 
kept unchanged. sum is vector drawn from the tail of the first vector to 


the head of the last. 

3. A vector can be resolved into two or more other vectors whose sum is equal 
to the original vector, The néw vectors are called the components of the 
‘original vector and are normally chosen to be perpendicular to one another. 

"4. Speed is a scalar quantity, the ratio of the distance an object travels to the 
time of travel. Velocity is a vector, the ratio of an o! " displacement 
to the time interval during which the displacement occurs. 

5. The average velocity is the slope of the line connecting the starting and 
finishing points on a gcaph of displacement against time. The instantaneous 
velocity at any point is the tangent to the curve of displacement against 
time at that point. 

6. Acceleration is the rate at which velocity changes. Am important exaciple 
of constant acceleration is free fall, the motion of any object under the 
influence of gravity alone. 

7, Force is that agency which produces or tends to produce ; destroys or tends 
to destroy motion in a body, 

; yects continue to move at constant speed, according to Newton's First 

. toot Motion, unless a act force is applied to them. tendency to resist 
a change in motion is known as inertia. 
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Application of any net force accelerates an object ; Newton’s Sécond 
bet that the amount of acceleration is proportional to the strength of 
the force. 


The proportionality factor between force and the acceleration it causes in 
any object is the object's inertial mays. This quantity indicates the object's 
inertia. [t also gives a measure of the amount of material inside the 


" Weight is the force with which an object is attracted towards the earth. 


For every action, there is an equal and opposite reaction. This is Newton's 
Third Law. 


Projectiles are real-life examples of free fall motion. 
The momentum of any object is the product of object's mass and velocity. 


The impulse of a force is the product of the force and the time during which 
it acts, 


The change of momentum produced by any foragon an object equals the 
impulse of that force. 


In elastic collisions, the totil Kinetic Energy is conserved. In inelastic colli- 

sions, at least some of the kinetic energy is lost as other forms of energy, 

pe as heat and sound. Momentum is conserved in all types of collision, 
owever. 


Work is the product of the displacement of an objéct and the component of 
the force that is moving the object in the direction of that displacement. 


Negative work occurs when a force acts in the direction opposite to that of 
the object’s movement, Friction is an example of a force that always 
does negative work. 


Kinetic energy is the energy that any object possesses oy virtue of its 
Motion, Its numericul value is half the product of the object’s mass and the 
square of its velocity. 


Potential energyis the energy that objects possess as a result of their posi- 
tions. The gtavitational potential energy of an object is the product of its 
mass, its height above an apprepriate reference level, and the local acceleta- 
tion due to gravity. 


The etfect of work on any object is to alter the object's Kinetic energy, or 
its potential energy or both. 


The total amount of energy in any isolated system remains- constant what 
ever happens to the system. But energy can and does change from 
one form to another, notably from K.E. to P.E, and vice versa. 


Frictional forces always oppose motion. The amount of frictional force 
between any two surfaces depends on the condition and type of those 
surfaces and on whether or not they are moving relative to one another. 


The coefficient of friction is the constant of proportionality fora given pair 
of contacting surfaces that relates the frictional force between them to the 
normal force holding them together. 


QUESTIONS 


Distinguish between Scalar and Vector quantities. How is a 


vector quantity represented ? 
Explain the meaning of equal vectors and the negative of a 
vector. 


A vector has zero magnitude, Isit aecessary to specify its 
direction ? 


10. 
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Can a vector have zero magnitude if one of its components 
is not zero? 


Several vectors, which are not all in the same plane, add 
together to give a zero resultant. What is the minimum 
number of vectors which can satisfy this requirement ? 


Ten vectors add together to give a zero resultant. Is it possi- 
ble that nine of these vectors are in the same plane but that 
the tenth is not in this plane ? \ 
> => 

Two vectors-P and Q are added. Show that the magnitude 
of the resultant cannot be greater than | P+Q1| or smaller 
on | P—Q|, where the vertical bars signify absolute 
value ; 


> ed 
What are the properties of two vectors A and B such that 


- 
(a) A+B=C and A+B=C 


ee i id 


(b) A+B=A—B 


> > 

Two vectors P andQ make an angle # with each other 
when placed tail to tail. Prove that the length of the result- 
ant vector is 


> J > ty os > 
IRl= [P12+1Q12+21P1 1 QI cos? 
Define scalar product of two vectors and vector product of 


ee 
two veciors. Show for any vector a that 


~ 
a.a=(a|?* 
~ > 
and axa=0. 


a3 a 


ee ae a > 
if AXB=CxXB show that C need not be equal to A. 


> > 
When will A be equal to C? 
Justify with an example that Commutative law does not apply 
> > 
to vector products, that is ; ax b does not equal bXa. Show 
that the commutative law does apply to scalar products, that 
SS niin 


is; a. b=b.a [A.LS.5.C. 1986] 
(Hints: Example Of @ right hand screw : 
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Show that the distributive law applies to both scalar pro- 
ducts and vector products, that is, show that 

fe le le ll Mn a eo 

a.(6+c)=a .b+a.c and that 

So lili ile A Te a 


ax(b+c)=axb+axe. 


What do you mean by the resolution of a vector into it: 
components ? Resolve a given vector into its rectangular 
components. 


What do you mean by velocity, uniform velocity, average 
velocity, instantaneous velocity ; acceleration, uniform acce- 
leration and instantaneous acceleration. ' 


Derive the equations ° 
@® v=u+at 
(ii) S=ut+}at? and 
{iii) 2as=v2—y2 Using integral calculus. 


Average speed can mean the magnitude of the average velo- 
city vector. Another meaning given to it is that average 
apes’ is the total length of path travelled divided by the 
e nee time. Are these meanings different ? If 80, give an 
example. 


Does the speedometer on an automobile Tegister speed ? Can 
a body have zero velocity and still be accelerating? Cana 
body have a constant speed and still have a varying velocity ? 
Can a body have a constant velocity and still have a varying 
speed ? Give a simple example of each. [A.LS.S.C. 1986] 


Consider a ball thrown vertically up. Taking air resistance 
into account, would you expect the time during which the 
ball rises to be longer or shorter than the time during which 


. it falls ? 


Can there be motion in two dimensions with an acceleration 
in only one dimension ? 


State Newton’s First Law of Motion. Why is it also called 
Law of Inertia? Illustrate your answer by a few examples. 
How does Newton’s First Law of Motion gives the definition 
of force ? 


State Newton’s Second Law of Motion. How does it help 
to measure force? Define the units of force in the SI and 
C.G.S, systems and find the relationship between them. 


State the law of conservation of linear momentum. Prove 
it mathematically and give a few of its illustrations. 


a ee ae eee ee” eee ee ee ee et ee oe oe 
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State Newton’s Third Law of Motion. How do you derive if 
from the Law of Conservation of Linzar Momentum ? Give 
some examples to illustrate this law. 


Distinguish between Inertial mass and Gravitational mass of 
a body. How do you compare the inertial mass of two bodies ? 
What does a spring balance measure ? 


. Define Impulse of a force. Show that Impulse of a force is 


equal to the total change in momentum of a body. 


What do you mean by a collision ? What are its various types ? 
Discuss the elastic collision between two bodies along ome 
dimension and derive expressions for the velocities after the 
coKision. Discuss the special cases when (i) masses of the bodies 
are equal, (ii) the body struck against is at rest and the masses 
of the bodies are equal. 


What do you mean by a projectile? Show that a body is 
Projected horizontally, its path is a parabola. Also derive an 
expression for the magnitude and direction of its velocity at 
any instant of its motion. 


A projectile is fired at a certain angle with ‘the horizontal 


(a) Show that its trajectory is a parabola 


(b) Also derive expressions for (i) the maximum height 
attained, (ii)"the time of its flight, and (éi) the horizontal 
fange. 


(c) At what angle is the horizontal range maximum ? 


(d) Also prove that for a given velocity of projection, there are 
two directions equally inclined to that horizontal and 
vertical for which the range is maximum. 


What do you mean by work ? How is it measured ? Discuss the - 
special cases when the angle between force and displacement is 
(a) 0°, (b) 90°. What are the units of work in C.G.S, and S.1. 
units ? 


Prove that the work done by a constant force in displacing a 
body through a certain distance measures the change in the 
Kinetic Energy of the body: : 


What do you mean by the Law of Conservation of Energy ? 
Prove the conservation of mechanical energy by taking the case. 
of a (i) Freely falling body (ii) Simple Pendulum (/i/) Projectile. 


W hat do you mean by power? Give its units in C.G.S, and 
SI Pane: Also explain the meaning of kilowatt hour. 
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What do you mean by friction? What is its origin ? Define 


Static friction; Limiting friction: Kinetic friction and 
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Rolling friction. ; 

What are the laws of Limiimg friction? How will you verify 
them experimentally. 

“Friction is a necessary evil.” Explain. 
How will you reduce friction ? 

Derive én expression for the work done against friction when 
body is made to move. (i) over a level surface. (ii) up an 
inclined plane. 

What are the factors on which the coefficient of friction between 
two surfaces depends ? How does lubrication help to minimise 
friction ? 

When a tennis ball strikes your head, why are you aware of 
the total mass of the ball, .ather than just. the mass of a few 
atoms in contact with your skin ? 

How does the momentum of a Satellite in a circular orbit vary 
with time ? 

A firework is projected vertically upward. At its highest 
position it explodes into three pieces with equal. masses and 
equal speeds. What can be said about the direction of their 
velocities, : 
How does the law of conservation of momentum apply to a 
car accelerating along a straight horizontal road ? 


Can you imagine circumstances under which (i) the total 
momentum of a system of bodies is conserved, but its total 
energy is not ? (ii) the total eaergy of a system of bodies is 
conserved, but its total momentum is not 2 
If the total energy of a system of bodies femains constant, is 
the resultant external force necessarily zero ? 
A boy slides down a slope and ends up in a snow bank. 
ee did his kinetic énergy come from and where does it go 
to 
If we identify one force acting on an object and yet the object 
is at rest, what cam we: conclude ? 
You are in the middle of a pond standing with a bag of 
groceries on the ice which isso slippery that no frictional 
force exists. How can you get off to the shore ? 
Acceleration is defined as the rate of change of -velccity. 
Suppose we call the rate of change of acceleration SLAP : 
(i) What is the unit of SLAP ? 
(ii) How can we calculate instantaneous SLAP ? 

(Delhi Senicr Sec. 1980) 
Give an example of a physical quantity which can be represen- 
ted as a vector product of two vectors, 

(Delhi Senior Sec. 1980) 


iia 
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PROBLEMS 


1. Draw diagrams to find the sum of the vectors in ead! t 
weaeae rs in each part cf 


a4m 


6m 


(a) (6) 


2. A train 1s travelling at 50 km h-1 in a direction 30° east of 
North, Resolve its velocity into two rectangular component 
due north and due east. 


[Ans. 25 kmh! towards east ; 43°3 kmh~! towards 
the north]. 


3. Aracing pigeon can fly with a speed of 30 ms. The wind 
is blowing from the west with a speed of 15 msl, In what 
direction must the bird fly in order to Teach a destination 
North east of his Starting point ? Ifthe distance to be covered 


is 25 km, how long will it take ? 
iAns : 65'7° north of east, 10°7 min.) 


4. A river has a velocity of 2ms-1. The bow of @ row boat is 
Pointed directly toward the Opposite bank and it is Towed 
with a speed of 5 ms71-relative to the water. If the rive; 
is 50'm wide, how long will it take to row across and how far 
downstream will the boat have drifted in this time. What is 
the agle between the bank and the direction of motion of the 
boat ? 


[Ans. 10 sec ; 20m: 68°2°) 


5. A rifle is fired from a jeep travelling with a speed of 10 ms71, 
The target is stationary 100 m away in a direction at right 
angle to the velocity of the jeep. The muzzle velocity of the 
pele is 200 ms-1. If the rifle is aimed directly at the centre 
of the target, how far to one side will the bullet strike? How 


far to one side must it be aimed in order to hit the centre ? 
: [Ans. 5m; 5m} 
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6. An electron is emitted from a hot metal wire with an unknown 


10. 


ih 


velocity. It then enters a device 4cm long which accelerates 
it at a rate of 3x10! ms in the same direction in which it 
is moving. At the far end of this 4 cm it enters another device 
which measures its velocity and finds it to be 7x 106 ms?. 
With what velocity was the electron emitted from the hot 


wire 7 
[Ams. 5x 106 ms“4j 


A ball is thrown vertically upward witha velocity of 7 ms™!. 


How high does it rise? How long does it take to reach its 
highest position? How long does it take to fall from its 
highest position back to the ground? What is its velocity 
upon returning to the ground ? 

[Ans. 2°5 m ; 0°71 sec, 0°71 sec ; 7 ms4) 


. A ball is thrown vertically upward. and just reaches the top of 


a building 100 m high. At the same instant that the first ball is 
thrown from the ground, a second ball is dropped from rest 
at the top of the building. At what height do the two balls 
pass one another ? 

[Ans. 75 m above the ground] 


. A body of mass 5 kg is subject to horizontal forces-of 3 N 


pointed due east and also 4 N pointed due North. What is 
the magnitude and direction of its accéleration ? 
[Ams. 1 ms~2, 37° cast of north] 


A mass of 3 kgis acted on bya force of 25 N. If it starts 
from rest, how far will it have travelled after 5 sec ? 
{Ans. 104°16 mj 
A tump of clay of mass 30g travelling with a velocity of 
0'25 ms“ collides head on with another lump of clay of mass 
0'05 kg travelling with a velotity of 0:40 ms in exactly the 
opposite direction. If the two lumps coalesce, what is the 
velocity of the combined lump after the collision, assuming 
that no external forces act on the system ? 
[Ams. 0°156 ms™4]. 


A star of mass 2x108° kg moving with a velocity of 
2104 ms-1 collides with a second star of mass 5x10 kg 
moving with a velocity of 3x 104 ms™ in a direction at right 
angle to the first star. If the two join together, what is their 
common velocity ? 


Ans. 2°22 104 ms“! in a direction making an angle of 14:93° 
with the direction in which the second star was initially 
moving.] 


A tractor is dragging a 400 kg log. The chain fron, the 
tractor to the log is at 30° to the horizontal and exerts a 
force of 120 N. How much work is done by the tractor. in 
dragging the log through a distance of 25 m 

[Ams. 2°6 105 joulesi. 


14. 
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A skier takes off from‘a ski jump with a velocity of 50 ms“ 
at an unknown angle to the horizontal and lands at a point 
whose vertical distance below the point of take off is 100 m. 
What is his speed just before landing, if the friction of the air 


can be ignored ? 
{Ans. 66°8 ms“1] 


Niagara Fajls is approximately 50m high and about one 
million kilograms of water flows over it per second. How 
much potential energy is lost per second? An electric light 
bulb reqyires 100 joules of energy per second. How many 
such bulbs could be lit if all the energy of Niagara Falls could 


be utilized ? 
(Ans. 491073 5 49x 105] 


16. A Batsmanhits a ball of mass } kg that was thrown toward him 


17. 


18. 


19. 


with a speed of 10 ms~! back toward the aciate with a speed 
of 20 msl. If the process of hitting the ball takes 0°05 sec., 
compute the impulse of the force and the averag. force 
exerted on the ball by the bat. 

[Ams. 7'5 kg ms! ; 150 N] 


A 100 kg man is standingin an elevator. What force does 
the floor exert on his feet 
(a) when the elevator has a constant velocity, 
(6) when it has an acceleration of 1°0 ms“? downwards, and 
(c) when it has an acceleration of 1°0 ms“? upwards ? 

{Ans. (a) 980 N, (5) 880 N, (c) 1080 N] 
What constant force is needed to stop a bullet of mass 25g 
in a distance of 10 cm if the bullet has a speed of 300 ms? ? 

[Ams. 11 250 NJ. 

A body is constrained to move along the x-axis through a 


distance of 20 m by three forces Fy=80N; Fe=30 N and 
F3=40.N whose directions are shown in the following dia- 
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20. 


22. 


23, 


A. 


gram. What isthe work done by each of these forces, and 
yhat is the change in kinetic energy of the body ? 
[Ams. 1386 J ; —600J ; 0 ; 786 J} 
Acoconut falls to earth from a height of 10m. What is its 
kinetic. energy when it is 4m from the ground ifits mass is 
10 kg? What is its speed at that height ? 
: [Ans. 58°83; 10°8 ms”) 


A block. of mass 5'0 kg is projected up a frictionless plane 
inclined at 37° to the horizontal. It slides a distance of 10m 
along the surface, stops and then slides down to its original 
starting point. With what speed did it start up the plane, 
and with what speed does it regain its starting point ? 

{Ans. 10°8 ms“ ; 10°8 ms=4] 
The coefficient of friction between the tyres and the road for 
a particular automobile is 0°8 and its rear wheels support 
40% of its weight. What is the maximum possible accelera- 
tion that can be. achieved on starting ? 

{Ans. 3°136 ms~*] 


What constant horizontal force is needed to drag a block of 
mass 8'0 kg along a rough, horizontal table (u=0'5) with an 
acceleration of 1°8 ms*? What mass hanging froma light 
cord attached to the 80kg block and passing over a small 
frictionless pulley, ‘will produce this acceleration ? 


[Ams. 53°6 N ; 67 kg] 


A 50 kg block is projected up a rough plane inclined at, 
37°.to the horizontal with a speed of 14 ms“. ‘It ‘slides a 
distance of 10m along the syirface- of the plane, stops, and 
then slides back down to its starting point. -With what speed 


does it reach there ? 
[Ams. 6°3 ms“) 


A pump is required to lift 240 kg of water per minute from a 
‘well 10 m deep and eject it with a speed of 10 ms-}. 
(i) How much work is done per minute in lifting the water ? 
(ii) How much work is done in giving it K. E. ? 
(ii) What is the power of the engine needed for this 7 
{Ans. (i) 23520 J, (ii) 12000 J, (iii) 592 watt J 


An electric motor of power 300 watt: is used to drive the 
stirrer in a water bath. 60% of the energy supplied to the 
motor is expended in stirring the water. Calculate the work 


done on the wate: in one minute. 
[Ans. 10800 joules } 


UNIT-3 


CIRCULAR MOTION 


31 MOTION OF A BODY IW CIRCULAR ORBIT 


In everyday life, in atomic Physics and in astronomy and 
space travel there are many examples of bodies moving in paths 
which if not exactly circular are nearly so. We find athletes run- 
ning in circular tracks. We keep to a circular path now and then 
when we go on a scooter or bicycle. Fig. 3°1 shows the twisting 
and turning path of a crystal of barium sulphate as it moves 
through the small intestine of an X-ray. patient. The actual velo- 
cities.of the crystal at various points along the intestine are repre- 
sented by arrows pointing along the tangents to the curve at those 
points. In this chapter we will see how ideas developed for dealing 
with straight line motion enable us to tackle circular motion. 


Fig. 3°3 Hig. 34 
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A body which travels equal distances in equal times along 
a circular path has constant speed but vot constant velocity. 
This is due to the way we have defined speed and velocity ; speed 
is a scalar quantity, velocity is a vector quantity. Fig. 3-2 shows a 
ball attached to a string being whirled round in a horizontal circle. 
The velocity of the ball at P is directed along the tangent at P ; 
when it reactics Q its velocity is directed along the tangent at Q. If 
the speed is constant the magnitudes of the velocities at P and Q 
are the same \ ut their directions are different and so the velocity of 
the bail has changed. A change of velocity is an acceleration anda 
body moving uniformly in a circular path or arc is therefore 
accelerating. 


In everyday language acceleration usually means going faster 
and faster i.e., involves a change of speed. However, in Physics 
it means a change of velocity and since the velocity changes not 
only when the speed changes, but also when the direction of motion 
changes. For example, a car rounding a bend (even at constant 
speed) is accelerating. 


32 ANGULAR VELOCITY 


Consider a particle rotating in a circle of radius ‘r’ about 
an axis through O and perpendicular to the plane of the paper 
Fig, 3°3. Let the particle move from 

_Ato B in time t As the particle 
moves from A to B, the radius OA 
describes the angle AOB=@. Thus 
the angle described by the radius in 
unit time will be 9/t.° This is called 
angular velocity. 


Thus “‘the angular velocity of a Ut Prem A 
body. rotating about an axis is the 
angle described in unit time by the 
line joining the body to the axis of 
rotation’. It is denoted by the 
Greek letter » (omega), Thus 


— 


Fig. 3°3 
o=8/t ; 


——_—_ 


$e cen or wa(3+1) 


The equation (3-1) jn circular motion is the counter part of. 


S=ut 


ia linear motion, the symbols having the usual meanings, 


3:3 


The units of angular velocity, depend on the units in which 
the angle 0 and time fare measured. The angle 6 is measured 
either in degrees or in radians (rad). If the time tis in seconds, 
angular velocity (#) will then be in degrees/sec or radians/sec 
(rad s“1). Its dimensions are T-1 

One radian is the angle subtended at the centre of a circle by 
an arc of length equal to the radius of the circle. 

In general, if 6 (Fig. 3°3) is the angle subtended by an are of 
length ‘/’ at the centre O of the circle of radius ‘r’, then 

6(in radians)=//r 


The angle 6 in radians being the ratio of ie length toa 
length is a pure number. As the circumference of the circle=<2nr, 


2n ‘ . : 
there are ae ==2n radians in one complete rotation or 360°. 


Hence, 


1 radian= 360" 57:3 degrees. 


2n 


It must be noted that @/t gives the average value, if the angular 
velocity (w) is variable. If it is not variable, 6/t gives the constant 
value of the angular velocity. 


Now time taken by a body to complete one revolution or one 
rotation is called time period. Thus if, T is the time period, the 
body describes 2x radians in time T and 2n/T radians in unit time. 
Therefore, angular velocity 


| o=(2n/T) | (3-2) 


Number of revolutions or rotations made by a body in unit time 
is called frequency of rotation of the body. Its units are s"! or 
cycles per second (c/s) or hertz (Hz). Thus if a body makes n 
rotations in unit time i.e. if m is the frequency of rotation, it 
describes 2nn radians in unit time, as in one rotation body des- 
cribes 2 radians. Therefore, angular velocity 


[ oa | G3) 


Relation between Linear Velocity and Angular Velocity 


‘Consider a particie revolving in a circle of radius r (Fig. 3:3). 
Suppose the particle describes the arc AB of length / in time ?. 
Bex i the same time ¢ the particle also rotates through angle 6 

ut O, 
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Let y be the linear velocity of the particle its angular 
velocity, then ; 
Distance covered __/ 


Linear velocity y= 


Time taken t 
ie. } yes 4 fi) 
: F Angle deacribed _ 0 
and ‘angular velocity Oe ae akea SS 7 
But 6 (radians)=+ 
i l=rA, ++ (ii) 
Putting equation (ii) in (i), 
7.8 6 apaienees ] 
Lye part iy sare 5 [ ° 7 oa 


of ai 
i.e., | Linear Velocity =Radius x Angular Velocity | 


33 UNIFORM CIRCULAR MOTION (Centripetal Force) 


. P. 
eee 
NP 
oF + La of 
(a) (6) © 
Fig. 3°4 


Consider a particle of mass ‘m’ travelling round a circular 

th with constant speed'V and uniform an velocity w. Let 

r’ be the radius of the circular path. Then the speed of the parti- 
cle is given by Vera, 


"73:5 


> > 

Consider the position vectors r; and re of the particle 
(which are simply directed lines from the centre to the particle) 
for two successive instants of time say % and fg as shown in 
[Fig. 3°4(a)}. These vectors are, of course, both of length r, equal 
to the radius of the circle, and so there is no change in the magni- 


as 
tude of r with time. But there is a change of direction, and this 
> 
means that the vector r is changing with time. The displace- 
ment of the particle between the two instants is the difference 
—_— oO nr > 
Ar =re—ry =PiP2 
It will be apparent that 1s the interval of time (tg—t1)=At 
between the two instants is shrunk to zcro, then this vector dis- 
placement will tend to become perpendicular to radius. Since the 
velocity vector is defined by the relation 


> pada 
iy AT ae 
¥ seen At at 


the conclusion is that, for circular motion, the velocity vector is 

dicular to the position vector. The velocity vector is always 

along the tangent line to the path, but it is only perpendicular to 

the position vector for the circular path, since this is a unique 

metrical property of a circle. This is true whether the speed 

is constant or not. This is illustrated in [Fig. 3°4(c)]. The velocity 
> 


> 
vector V and the position vector r have been drawn from a 
common point, which may be taken as the centre of the circle 


As the particle moves with constant speed round the circle, 
the position vector rotates with constant angular veldcity w, and 
the velocity vector also rotates with constant angular velocity o: 
but is 90° ahead of the position vector as explained above. In 

> > 
(Fig. 3°4(a)] the position vectors r; and rg at two instants of 


( > > 
time have been drawn and the velocity vectors Vi and Vq for the 
same two instants have also’ been shown. The difference between 


> > 
the vectors V; and V2, which represents the change in velocity, 
can be found as explained below : ; 


---> 
Take an external point O’ [Fig. 3°4 (6)] and draw O’P’; and 
‘eva a > 
O’P’s equal and parallel to the vectors Vi and V3. Draw also the 
pay 


vector P's P’g,so as to close the vector triangle O'P’;P’s. Now 
according to triangle Law of Vectors. 


3°6 


-_-O- OO > 
O'P2' = O'P’y + P'yP’o 
or ee al ee 
Va=Vi+P'sP’s 
—— ———> — -> 
“. Change in velocity AV =P',P’2 —Vo—V, and so the 
average acceleration over the interval 


— +> = 
_ AV_Gr-¥) 
At (tgz—ty) 


-_ 
As the interval A? is shrunk to zero, AV becomes perpendi- 
> —s 
cular to V in exactly the same way as Ar became _perpendi- 


—> 
cular to. r. Note that the magnitude of the velocity does not 
change with time, only its direction. It follows that the instan- 
taneous acceleration defined by 
aie -——_ 
line sO ae 
tare. At a 


is perpendicular to the velocity, just as the instantaneous velocity 
is perpendicular to the Position vector, 


_ _ When angle 0 (angle traced out by the radius vector in At 
seconds) is small, the chord, P Pe becomes nearly equal to the 
arc P;P2 so that P}OP2 can be considered to be a triangle. Now 
as O'P'; and O'P’s are Perpendicular to OP; and OP, respectively 
and /P,OP,= ZP10'P’s= 76 so isosceles As P,OP2 and P’;0'P’s 
are similar. Therefore, by the Properties of similar triangles, the 
ratio of the corresponding sides are equal. That is, 


PiPs = PsP’. 
OP; OP’; 
or Ar AV since r1=ro=r, and V;=V2=V. 


Dividing both sides of this equation by At, we have 


4 Arli Av 
r At V At 


Proceeding to the limit by shrinking the interval At to'very, 
very mear to zero, we have 


atta ( ar) in Gyr) 
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Foca eee dM: : 
“ ik de dB. 

Vala dr Hig 
or By [ a 7Vand Ea lal 
or Instantaneous acceleration 

v2 
=| lal =—- +(3-5) 


Since V=ro 


| a| =ro®=oV .(3-6) 


___ Equations (3-5) and (3-6) give the magnitude of the accelera- 
tion. The direction of the acceleration is perpendicular to the 
«velocity just as the velocity is perpendicular to the position vector. 
Fig. [3'4(a)] and [3°4(b)] show that acceleration leads the velo- 
city by 90° just as the velocity leads the position vector by 90° 

> 


> > 
Fig. (3'5) shows the three vectors r, V and a for the same instant, 


> 
v 


oy 


font 
t 


v 


a 


Fig. 3°5 

alldrawn from the centre of the-circleO. The acceleration is 
180° ahead of the position vector, which is another way of 
saying that it acts towards the centre of the circle. This 
centre-seeking acceleration is called the centripetal acceleration. 
The magnitudes of the three vectors are constant in time, but the 
vectors themselves are not, since their directions are constantly 
changing. Does a body moving uniformly in a circle have constant 
acceleration ? (Remember that acceleration is vector.) 


Centripetal Force 


Since a body moving in a circle (or a circular arc) is acceler- 
ating, it follows from Newton's first law of motion that there 
must be a force acting on it to cause the acceleration. This force, 
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like the centripetal acceleration, will also be directed towards the 
centre and is called the Centripetal Force. It causes the body 
to deviate from the straight line motion which it would naturally 
follow if the force were absent. Thus the centripetal force may. 
be defined as that “force which deflects a body from its linear path 
to make it move along a circle and is always directed radially 
inwards”. : 

The magnitude (F) of the centripetal force is given by 
Newton’s Second Law of motion, that is 


v2 
F=ma="— w(3-7) 


where m=mass of the body 
V=speed of the body 


r=radius of circular path. 
If the angular velocity of the body moving along the circle 
is radians per second, then 
Fa? __in(ro)® 
r r 


or | =mrot ++(3-8) 


When a ball attached to a string is swung round in a hori- 
zontal circle\[Fig. 3°6(a)], the centripetal force which keeps it ir a 
circular orbit arises from the tension in the string. We can’ 
.think of the tension as tugging continually on the body and turning 
it in so that it remains at a fixed distance from the centre. If 
the ball is swung around faster, a large force is needed and if it is 


@) a) 
Fig. 3°6 
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pirate than the tension the string can bear, it breaks and the 
all continues to travel along a tangent to the circle at the point 
of breaking (Fig. 3°6(b)] due to directional inertia (the inability of a 
body to change by itself its direction of motion in the absence of 
the external force). 


Other Examples of Circular Motion 


In all cases it is important to appreciate that the forces 
acting on a body must provide a resultant ‘force of magnitude. 


_ towards the centre. 


(a) Banking of the Carve 


When a car (or a bus or a truck) is travelling round a circular 
bend on a perfectly level road with uniform speed, the resultant 
force acting on it must be directed to the centre of its circular path 
ie., it must be the centripetal force. This force arises from the 
interaction of the car with the air and the ground. The direction of 
the force exerted by the air on the car will be more or less opposite 
to the instantaneous direction of motion. The other and more 
important horizontal force is the frictional force exerted inwards 
by the ground on the tyres of the car (Fig. 3°7). The resultant of 
these two forces is the centripetal force (Fig. 3°8). The successful 
negotiation of a bend on a flat road therefore depends on the tyres 
and the road surface being in a condition that enables them to 
provide a sufficiently high frictional force—otherwise skidding 
occurs. 


Air 
_-e resistance 


ao 


\ 


he) 1 a 
- D 3 w 
Pane ae i 
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© circular pat 
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Let mg be the weight of the car, F, and Fe the force 
of friction at each tyre and R; and Re the normal reaction due to 
the ground exerted at cach tyre (Fig. 3°7). Since the weight of the 
car is supported by the normal reaction (R) due to the ground, then 
for equilibrium, 


2 
Ft hy= 2 
where V=Speed of the car 
and r=Radius of the curved path 
R=Ri+R,=mg 


If » is the coefficient of friction, the maxitaum force of fric- 
tion between the tyres and the road is given by 


a Sa 
where » F= Maximum force of friction. 


The car will, therefore, stay on the road if the maximum 
mV' 


force of friction is greater than the centripetal force iLe., 
mV’ 
pk IR seen 
r 
vs 
or a> Te. 


Thus the maximum -velocity with which a car can goona 
level curve road is given by 


ations =p 


rg : 
or Vinus= Vp rg | ...(3-9) 
e Bao 


The friction between the tyres and the road soon makes the 
tyres wear out. Safe cornering that docs not rely on friction is 
achieved by ‘banking’ the road i.e., the outer part of the road. is 
raised a little above the inner side so that the road is sloping 
towards the centre of the curve. 

The problem is to find the angle 0 at which a bend shouldbe 
banked so that the centripetal force acting on the car arises 
entirely trom the component of the normal force R of the road 


[Fig 3'9 (a)]._ The normal reaction R due to the is equal 
to the sum of the reactions at each Gamal tie ade the. 


Side view 


(a) 6} 
Fig. 3°9 Mm 


vertical at an angle 8. Treating the car as a particle and resolving 
R into its rectangular components vertically and horizontally we 
have, sinze R sin 8 is the centripetal force, ‘ 
R sin 0=™ 1 tae 
Also, the car is assumed to remain in the same horizonta' 
plane and so has no vertical acceleration, thus 
R cos 6=mg © * (i) 
Dividing (i) by (ii), we have 


vz te 
O=2 — «(3-10 
tan 1 | ) 


a | d==tane( “) pyiiy" 


It is clear from equation (3-10) that the angle of banking (4) 
is directly proportional to the square of the velocity, and inverscly 
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proportional to the radius of the curve. For a given radius of bend, 
the angle of banking is only correct for one. speed. Since one 
- particular angle of banking is not correct for all velocities, the 
toads are banked for average speeds at which the vehicles are 
meant to run over them. Ina race track, the banking becomes 
steeper towards the outside and the driver can select a position 
according to his speed. 

A bend in a railway track is also banked in a similar manner 
so that at a certain speed no lateral thrust has to be exerted by 
the outer rail on the flanges of the wheels of the train, otherwise 
the rails are strained. The-outer rail is raised to a slightly greater 
elevation than the inner.. The horizontal component of the 
normal force of the rails on the train then provides the centri- 


petal force. 
(b) Cyclist Negotiating a Curve. 


Let a cyclist negotiate a curve of radius ‘r’ to the left at a 
speed V [Fig. 3°10).. Let the cyclist 
leap inwards at an angle ®. Then 
the forces acting on the system 
are 


(i) his weight-mg vertically 
even at the centre of gravity 


- (ii) the normal reaction R of 

the ground which passes through G 

and inclined to the vertical at an 
. angie 0. 


(iii) the force of friction F 
between the tyre and the ground 
along the ground at A. 


The horizontal component of NS 
the reaction, R sin, provides the 


. mV? d en 
centripetal force See where m7 is Fig. 3°10 


the mass of the cyclist ; Vis the speed of the cyclist and r is the 
radius of the curved path; whereas the vertical component 
R cos 0, supports the weight. The friction (F) between the tyres 
and the ground soon makes the tyres wear out. Thus for a cyclist 
going round a curve, we have 


Rsin es 


and _R.cos Omg 
Re R sin 6 oS mV? 
a Reos@ r.me 


or tan 0— ¥* 
fe c 
or O=tan"? (+) 


Thus to keep himself in ilibrium, therefi i 
must lean inwards from the vec at an angle Bere N ote 


o-=tanr1( ve ) 
3 


If, he were to remain vertical or upright, mg would act through 
A and he will toppie over under the action of the forces F pe 


ae 
are 
F i A 
Now, as we know R 7 the coefficient of friction between 
the tyres and the ground, so that F=~R =pmg. The cyclist will, 
mvV2 


2 
or when “> F or when | 


therefore, skid when F is less than 3 


2 
ay -> wing or V2>urg. 
In other words, skidding will occur in the event of 
(i) V, the speed of the cyclist, being large, 
(ii) » being small i.e., the road surface beng slippery, and 
(iii) r bemg small i.e., the curve being sharp. 


(c) Looping the loop (Motion in a Vertical Circle) 

A pilot who is not strapped inte his aircraft ca. loop the loop 
without falling out at the top of the loop. A bucket of water can 
be swung around in @ vertical circle withouc spilling A ball bear- 
ing can loop the Idop on a length of curtain rail in a vertical plane. 
All these effects have simitar explanations. . 

Let a body of mass ‘#1’ tied to a string be whirled round in a 
verticle circle with © as its centre (Fig. 3.11). As the body moves, 
its speed is maximum a ine lowest point B and minimum af the 
highest point A. At any otner point, the value lies in between the 
maximum and the minimum values. 

Let P be the position of .the body at any time and PN th: 
perpendicular from F on the vertical diameter AOB. Further lct 
ZPOB=8 and PO=r, the radius of the circle. Then 

3N=OB—ON 
=r—rcos 6 
=r(l—cos 6) 
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Theforces acting at P are the tension T along the string and the 
weight mg ig vertically downwards. The force mg may be 


A 


mg cos @ 
Fig. 311 
tesolved into two components mg cos 6 along the string and 
mg sin 0 dicular to it. Therefore, the resultant force along the 


string is (T—mg cos 6). This provides the necessary centripetal force 
oh Lions the body in motion. If V; is the velocity of the body 
at P, then 


2 
T—mg cos § = my 
mck 
or T= ast + mg cos 0 
If V is the velocity of the body at B, then 
Vy2=V3—2gh 
and * cos 6= mH 


Lael ee, a 


= [v2—2h-+er—sh | 


=< 2] vt—agh-+ter | (i) 


oa caren B,h=0. IfT} is the tension of the string at 


n= F[v48r] ) 


Se 
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At the highest point, h=2r. {f Te is the tension of the string at 
this point, then 


i; = I va—ser| (iii) 
. From equations (i), (ii) and (ii) we observe that the tension 
1s maximum at the lowest point and it gradually decreases to a 
minimum value at the highest point. In order that the body may 
continue moving in the circle, the string should never slacken i.e., 
the tension in the string must remain positive. Therefore, 


T= vt—ser >0 


or V2 > Sgr 


v> ve | 


Thus the minimum velocity which the body must possess at 
the lowest point to be able to complete the circle is given by 
V = V5er 
So an aircraft must have at least a velocity of V/5gr at the bottom 
of the loop to clear the loop without any mishap. (Fig. 3.12). 


-~>~ 


- 


Aircraft 5S 


Fig. 3°12 


Similarly, for the same reason, if the weight mg of the water 
in a bucket of water when it is at the top of the loop Fig. (3.13), is 


less than lag the normal force R of the bottom of the bucket on 
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Fig. 3.13 
the water provides the rest of the force required to maintain the 
water in its circular path. However, if the bucket is swung more 


slowly then mg wil be greater than wt and the unused part of 


the weight causes the water to leave the bucket. 
(d) Centrifuges 
There are simple devices used to Separate out substances of 
nip a See suspended 
i in a liquid by rapidly rotating 
Skimmed ; the liquid, when particles 
whose density is greater than 
that of the liquid, are driven 
away from the axis of rotation 
Cream whereas those, with a density 
particles | lower than that of the liquid 
are driven inwards towards it. 


Thus, for example, in a 
cream separator (Fig. 3.14), 
milk is put in a vessel which is 
made to fotate at a high 

Fig. 3'14 Cream Separator speed. Every particle of the 
whirling liquid requires the needed centripetal force, otherwise it 
cannot make the orbit. This is provided by pressure differences. 
The outer end of the liquid particles experiences a greater pressure 
than the inner end. Thus there is a gradation of increasing pressure 
from the inner to the outer‘end. The milk revolves and the heavier 
milk component (skimmed milk) falls to the bottom while the 
lighter cream component (cream) rises to the surface. 
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Laundry drier, centrifugal pump etc., also work on the above 
principle. Doctors use centrifuges for separating colloidal particles 
in liquids from bacteria. Ultra centrifuges are capable of operating 
at as high a speed as 100000 rotations per minute. At such high 
speeds of rotation, the centripetal force acting on any mass exceeds 
750 000 times its weight. They are extensively used in medical 
researches for concentrating solutions containing viruses and 
harmones, cell fragments and ‘bacteria. An ultra-centrifuge can 
easily separate lighter molecules from heavier ones. 


During the launching and re-entry of space vehicles accelera- 
tions of about 8g occur and the resulting large forces which act on 
the surface of the astronaut’s body cause blood to drain from some 
parts and congest others. If the brain is deprived, loss of vision 
and unconsciousness may follow. Tests with large man-carrying . 
centrifuges in which passengers are subjected to high centripetal 
accelerations show that a person will tolerate /5g for a few minutes 
when his body is perpendicular to the direction of the acceleration 
and only 6g when in the direction of acceleration. What will be 
the best position for an astronaut to adopt at liftoff and re-entry? 


Example 3:1. What is the period of an earth satellite travel- 
ling in a eeaiee orbit 105 m above the earth. where the acceleration 
of gravity is 9°5 ms~2? The radius of the earth is 6°4 x 108 m. 


Solution. 


A satellite coasting round the earth 1s in free fall, since it is. 
under the influence of gravity alone. Hence, the centripetal acce- 
leration of the satellite is just the local gravitational aronleatian. 
cr 


wr=g 
The period (T) of the satellite is given in terms of « by equation 


= ==, whence we get 


Tan / + 


From the data given, g=9°5 ms™ and 
r=(6°4 x 108+ 105) m=6 5x 108 m- 
Substituting these values gives 


T= =2n, | 65x10 5196s =1-44¢-h. 


Example 32. A string can withstand a tension of 25N: 
What is the greatest speed at which a body of mass 5 kg can. be. 
whirled in a circle using 0°5 m length of the string? ge bet 
force of gravity on the body. 


F=25 N 


r=0°5 m 
tees m=0'S kg 
"Let V be the greatest speed at which the Strine can be whirled. 
= oe 3 $7 _ mys 
ae Now F are 
Mae ft 05x V2 
‘ * 25: 05.” 
me V=5 ms" 
sorb mple 33. An actoplane travelling at a speed of 500 
“km nt at an-angle of 30° as it makes turn, What is the 
, Tadius of the curve ? [g=9'8 ms-2], 
‘Here V=500 km h71 
5001000 1250 
: = x60 eS ms" 
x 6=:30° 
g=9'8 ms? 
r=? 
Since tan 0-2 
rg 
1250\2 1 1 
tan 30°= (=) x vex> 
° 1250\2. 1 
oe r=(4%) XE xJ/d 
“ 1 
30°= — 
(~ un v3) 
=3'41 x 108 m_ 


, Haample 34. A body weighing 0°4 kg is whirled in a 
Vertical circle. making 2 revolutions Per second. If the radius of 
the circle is 1°2 m, find the tension in the string when the body is 
(@) at the top of the circle, (b) at the bottom of the circle, 

"8 ms 


) 


(g=9 
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Solution. 


Here m=:0'4 kg 
w=2X2n=4n rads 
r=1'2 m 

(i) At the highest point A on 

the vertical circle (Fig. 3°15); it is 

evident that both the weight and 

the tension.act downward towards 

the centre and the sum of the two 

provides centripetal force r 


T+mg= 2 =mre2 


T=mra2—mg 
=m[ro2—g] 
=0°4[1'2 x (4r)?—9'8] 


3 
mod 12x{ 4x-2-)-93] 
=71'936 
(ii) At the bottom B, T and 
mg are opposite to each other 


rigs T—mg=mro* 
or T=mrot+mg 
=m[ra®+g] : 
2 
=o4 1-2x(4x 2) +98 | 
=79'776 N 


34 PLANETARY MOTION 


If we look up at the heavens ona clear night, we will have 
much the same view of the sky as did the ancient astronomers of 
China, Babylon, and Egypt. And if we were to spend a number of 
nights observing the relative movements of the shimmering stars 
and steadily shining planets, we would perhaps rediscover some of 
the sense of mystery that those observers of old experienced when 
they viewed the cosmos. 


The ancient astronomers and astrologers contributed a great 
deal to what we now recognize as the Sciences of astronomy and 
Physics, by identifying the planets in the Solar system and carefully 
plotting the variations in their positions in the sky over periods of 
many years. These data eventually led to models and theories of 
the solar system. A mixture of improvements in data, modifica- 
tions in theory and large leaps in conceptual understanding finally 
led te the underlying principle that embodies the basic reason: for 
all the movements of celestial objects. Known as the universal 
Law of Gravitation, it is another product of the immensely fertile 
mind of the English Physicist Sir Isaac Newton. 
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‘Newton’s Law of gravitation is not the final word in our 
understanding of the universe. Albert Einstein modified Newton’s 
concepts (although he did not really negate them) in his theory of 
relativity, and to-day a number of physicists are trying to modify 
even Einstein’s theory. Furthermore; much of the most exciting 
and far reaching research in modern physics and astronomy con- 
cerns apparently incomprehensible objects undreamed of by Newton 
and Einstein, such as.Quasars(or quasi-stellar radio sources); Pulsars 
and black holes. However the core of our knowledge remains the 
gravitational law. 


The iaw of gravitation itself was actually the climax of a 
series of theories about the solar system that ranged from the 
tidiculous to the sublime. The first major theory, called the Geo- 
centric theory, developed by the Greek philosophers Aristotle and 
Hipparchus, and elaborated by another Greek astronomer, Ptolemy, 
around 140 A.D.; considered the earth as the centre of the universe. 


Primium , 
Co ~~ 


Fig. 3°16 Ptolemy's Geocentric concept of the universe 


According to the model, the moon, the sun and the other-stars 
supposedly revolved around the earth in simple circles while the 
planets were believed to be in more complex orbits, revolving in 


me 
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small circles called epicycles that were imposed on their basic 
tircular revolution around earth. This arrangement is shown in 
(Fig. 3°16), The moon moved in an orbit nearest the Earth. 
Mercury in an orbit next farthest out, then Venus, then the Sun, 
and then, Mars, Jupiter and Saturn. Ptolemy accounted for the 
long.eastward motion of these heavenly bodies with respect to the 
stars by postulating counter clockwise motion along concentric 
circles called deferents. He ingeneously explained the loop (retro- 
grade motion) formed by a planet when it moves westward for a 
Short time by assuming that the planets move counterclockwise on 
small circles called epicycles as the centres of the epicycles move 
along the deferents. Despite its inherent complexity, this theory 
agreed so well with the naked eye observations of the time that it 
was almost universally agcepted for more than fourteen centuries. 


Eventually, the Ptolemaic theory, as it was known, was super- 
seded by the heliocentric theory published in 1543 by Nicholas 
Copernicus, a. Polish astronomer who had developed the ideas held 
many centuries earlier by Greek philosophers. Its precept was 
tha! each and every planet, including earth, revolves round the Sun 
jn its orbit. In addition, Copernicus assumed that the earth 
rotated on its axis once each day. Great Indian Mathematician 
and astronomer ARYABHAT of the Sth century A.D. also from 
his astronomical observations stated that the earth moves about 
its axis. (Aryabhat’s universe was geocentric). Perhaps due to 
lack of communication between the scientists of the east and those 
of the west, his findings did not reach the natural philosophers of 
the West. The Christian church, which dominated over every 
sphere of activity in Europe, was very dogmatic with regard to its 
ideas of the universe and opposed any theory which did not give a 
central place éf importance to the earth. Even, Copernicus, who 
propounded the heliocentric theory, could not boldly assert it for 
fear of the church but gave it as a mathematical convenience for 
understanding the motion of the planets. ‘Two men—one an astro- 
nomer observer par excellence, the other a theorist with a splendid 
mind--brought rigorous scientific realism to-the objective of under- 


standing of what makes the universe tick. 


a®he observer was Danish astronomer TYCHO BRAHE of 
the 16th century (1546—1601), whose naked eye observations of 
the planets during the last Quarter of the sixteenth century were 
far more accurate than any performed previously. The theorist 
was the German JOHANNES KEPLER (1571—1630) who, because 
of Brahe’s data found it necessary to modify the Copernican theory. 
Kepler was able to boil down the motions ef the planets into 
relatively simple statements that enabled observers to produce more 
accurate mathematical predictions of planetary positions. Kepler’s 
statements took the form of three empirical laws of motion that 
formed the basis of Newton’s later statement of his law of universal 


gravitation. 
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35 KEPLER’S LAWS OF PLANETARY MOTION 


Kepler’s Laws, as already stated, were the result of a careful 
analysis of the astronomical data that were available to him from 
Tycho Brahe’s observations Over a period of twenty years, Kepler 
was Tycho Brahe’s assistant for Sometime before his death. He 
announced his first two laws in 1609 and the third in 1619. 


The three taws are : 


(1) Every planet moves im an elliptical orbit. with the 
Sun at one focus (the law of orbits). 


In planetary motion, as shown in (Fig. 3°17), the perihelion is 
the point P in the Planet’s orbit that is closest to the Sun, while the 
aphelion, A, is the point in the orbit furthest from the Sun. In the 
earth’s orbit, the major axis—the line that joins the perihelion and 
aphelion—is about 300 million km in length. 


Major axis 


Fig. 3°17 


(2) The radius vector from the Sun to the planet (ie., 


In (Fig. 3°18), if planet P takes the same time to travel from 
A to B as from C to D, then the shaded areas are equal, 
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(3) The squares of the times of revolution of the planets 
(i.e., their periodic times) about the Sun are propor- 
tional to the cubes of their mean distances from it 
(the law of periods). 


Mathematically, this is expressed as 
T2ar8 


or at =constant 
r 


where T=time of one revolution round the Sun i.e., period 
of the planet, 


and r=average distance of that planet from the Sun. 


The value of the constant is determined by the units in which 
JT and r are measured. In the case of the earth, for example, we 
can arbitrarily define our average distance from ihe Sun as one 
astronomical unit. Since T also has the value of one (in years), the 
constant is also |. 


Predictions of the positions of the planets according to 
Kepler’s Laws agreed so well with observations that the Copernican 
theory of a stationary Sun and an orbiting earth was finally accept- 
ed despite a violent rearguard action by organized religion. As it 
happens, the laws apply equally well to a variety of phenomena 
other than planetary motion. In the solar system, for example, 
they predict accurately the positions of asteroids, and of comets 
with elliptical orbits, in planetary systems, they allow scientists to 
calculate the positions of natural orbiting moons and artificial 
satellites. 


36 NEWTON’S LAW OF UNIVERSAL GRAVITATION 


Kepler’s laws summed up neatly how the planets of the solar 
system behaved without indicating why they did so. One of the 
problems was to find the centripetal force which kept a planet in 
its orbit round the sun, or the moon round the earth, in a way 
which agreed with Kepler’s Laws. 


Newton reflected (perhaps in his garden when the apple fell) 
that the earth exerts an inward pull on nearby objetts causing them 
to fall. He then speculated whether the same force of gravity 
might not extend out farther to pull on the moon and keep it in 
orbit. If it did, might not the sun also pull on the planets in the 
same way with the same kind of force ? He decided to test the idea 
first on the moon’s motion—as we will do now. 
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If ‘r’ is the radius of the moon’s 
orbit round the earth and T is the 
time it takes to complete one orbit ne, 
its period (Fig. 3°19), then using accep- 
ted values we have Vv 
r=3°84 x 108m Earth 
T=27'3 days =27°3 x 24x 3600 s 
The speed V of the moon along 
4(8 Orbit (assumed circular) is 


; y= Circumference of orbit _ 2nr < 
Period ' Ty 3 Moon 
_2XnxX 384 x 108 fae-t 
~ 273x 24x 3600 
= 1°02 10°ms“! 
The moon’s centripetal accelera- 
tion ‘a’ will be Fig. 3-1° 
2 : 2 
aa =x ae =2'72x 10-3 ms 


The acceleration due to Sravity at the earth’s surface is 
9°81 ms~ and so if gravity is the centripetal force for the moon it 
must weaken between the earth and the moon. The simplest 
assumption would be that gravity halves when the distance doubles 


and at the moon it would be 0 of 9°81 ms~2 since the moon is 60 
earth-radii from the centre of the earth and an object at the earth's 


surface is 1 earth-radius from the centre. But oO 1°64x 1071 
ms~®, which is still too large. 


The next relation to try would be an inverse Square Law in 
which gravity is one Quarter when the distance doubles, one-ninth 
when it trebles and so on. At the moon it would be car of 9°81 
ms * i.e., 2°72 10-3 ms-2—the value of moon’s centripetal accelc- 
ration. 


> ~ 

Since forres on bodies depended on their mass (F=ma), 

Newton concluded thut the gravitational force between moon and 

the earth should depend upon both the mass of the earth-and the 

moon, besides being proportional inversely to the square of the 
distance between them. 


Sir Isaac Newton, after he had for mulated his relationship 
between force and motion, that the moon was held in its orbit 
around earth by precisely the same kind of force that causes 
objects near the earth to fall to the ground, eapressed this coucept 
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now established asa th.c.y and known as the law of Be ane 
gravitation, which may be stated quantitatively as follows :— 


“Every particle of matter in the universe attracts every other 
particle with a force which is directly proportional to the. product of 
their’ masses and inversely proportional to the square of their. dis- 
tance apart, 


The gravitational attraction F between two particles of masses 
my'and me, distance ‘r’ apart is thus given by 


my mg 
F a 
or Gm m 
iar i we(3-12) 


where G is a constant, called the universal gravitational cons- 
tant, and assumed to have the same value everywhere for all 
matter. 


If m, and mg be each equal to I kg andr be equal to I m, 
then according to equation (3-12) 

1x1 
F=G —— =G 
(1) 

Thus, numerically, universal gravitational constant (G) is the 
force of attraction between two masses of 1 kg each separated by a 
distance of 1m. Henry Cavendish succeeded in determining the 
value of G in 1798. Improved techniques were adopted by those 
who made subsequent determinations. The value of G accepted 
now is 6°67 x 10°11 N m?/kg?. 


We do not ordinarily find the bodies moving towards cach 
other for the simple reason that these forces are small and other 
forces like friction etc., predominate over these forces. 


bs ot for the sun and planets the numerical 


To test F= 


values of all quantities on both sides of the equation need to be 
known. Newton neither had reliable information about the 
masses of the sun and planets nor did he know the value of G and 
so he could not adopt this procedure. Ina sophisticated form of 
checking, he was able to derive Kepler's Law of periods by combi- 
ning the universal law of gravitation with his own laws of motion. 
The behaviour of the solar system is summarized by Kepler’s Laws 
and any thecr) « hich predicts these would, for a start, be in agree- 
- ment with the iacts. 


Suppose.a planet of mass m moves with a speed V in a circle 
of radius r round the sun of mass M. Hence 
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Gravitational attraction of the sun for planet 


GMm 
ea me 


If this is the centripetal force keeping the planet in orbit ; 


If T is the time for the planet to make one orbit 
2nr 


var 
GM, (ie )*_ toes 
i= EGY Dea 
4x23 
GM=—- 


Hence & = at 


3 
Since GM is constant for any planet, a is constant, which 
is Kepler's third law. 


motion were different and the heliocentric theory 
of copernicus was contrmed. it provided an inertial reference 


frame, fixed with respect to the sun. 
le 35. Compute the gravitational force of attraction 


Exampl 
between two 5 kg balls $ metre apart. 
(G=6°67 x 10-12 N m?/kg?] 


Solution. 
ra Sm 


_6'67x qr? =1'5x 10-8 N 


37 RELATION BETWEEN ‘g’ AND ‘G’ 


A body of mass mat a place on the earth’s surface where the 
acceleration due to gravity is g, ex- 
periences a force F=mg (i.e., its ae 
weight) due to its attraction by the ony: 
carth (Fig 3°20). Assuming the 
earth behaves as if its le mass 
M were concentrated at its centre 
O, then, by the law of gravitation, 
we can also say that F is the gravi- 
tational pull of the earth on the 
body. Hence 


GMm 
=a 


Fig. 3°20 
F 


where r is the radius of the earth. 


+a(3-13) 


38 ARTIFICIAL EARTH'S SATELLITES AND ORBITAL 
VELOCITY 


The moon is the natural satellite of the earth. For scientists 
in the spuce programme the problem of eye an artificial 
earth satellite (i.e, man-made) is a dual one of over-coming 
the earth's gravitational force and at the same time providing the 
satellite with sufficient velocity both in magnitude and in proper 
direction to begin the desired orbit. Once placed into orbit, the 
satellite will, of course, be held there by the centripetal force 
provided by the gravitational attraction of the earth. The orbits of 
os satellites are always elliptical, but we can consider circular 
orbits. 

Figure (3°21) shows the results of four te efforts to 
launch satellites. Those taken pens paths | 2 did not have 
enough speed in the right direction to make it into orbits, while 
those that went up along routes 3 and 4 did achieve stable orbits by 
getting above the earth's atmosphere. 

Let a sutellite of mass m go round the earth in a circular orbit 
of R witha velocity V. If‘h’ isthe height of the satellite above 
the curth's surface and r is the radius of the earth, then R=(r-+/). 
The ceniripetal\ force required to keep the satellite in its circular 
orbit is given by the gravitational pull between the earth and the 
satellite. 
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mv? GMm 
R” R 
where M is the mass of the earth and G is the universal gravita- 
tional constant. 


Fig 3°21 


ne | v= (oa KV | -+(3-14) 
ROW (r+A) : 
ifg’ is the accelération due to gravity at a height ‘h above 
the earth's surface then 
a GmM 
R2 if 
or G M=g’ R2=¢g' (r+h)2 .(i) 
Putting equation (#) in (3-14) we have 


mg! = 


(+A) 
oF Ved" (+h) | we(3-14) 
\ Behan hosed 
Again, if ‘g’ oe the value of acceleration due to gravity at the 
carth’s surface. we have : 
_GM 
&= TE 
Also from eq. (i) 
,_ GM 
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g’ GM r2 ‘7 


Hi Se ee Ke 
per g —@+h2* GM ~G+he 
,__ grt ; 
g =(r+hye «.-(ii) 
Putting equation (ii) in (3-14) we have 
on 
or Ve= |= ial 
neces 
Se 5 poe AF 
TER «..(3-15) 


If the satellite is close to the earth, say at a height of 
100-200 km, then R= and g~g’ 


Hence V=d er 
Substituting r=6°4 x 108 m (6400 km) 
and g=9'8 ms, we have 
V={64x108X98 


=7:9X 108 ms 1=8 kms“t 


The velocity of about 8 kms which is given to an artificial 
earth's satellite a few hundred kilometres above the earth's surface 
so that it may start circling the earth is called Orbital velocity. 


Time Period of the satellite: The time for the satellite to 
make one complete orbit round the earth i.e., its period T, is 


pe cite cunference ofearth __ 2n(r-+h) 
speed meh Gee 
GS 
it 
ay VE @ -h) 


M=gr?] 


or ...(3-16) 


For a satellite close to the earth (r-+A)=r 


2Qer  -2nxX6'4x 108 


ae xe 
83 minutes. 
Launching a satellite 


‘ In recent years, several artificial satellites have been launched 
in orbits round the earth with the help of multistage tockets 
(Fig 3°22). India has also put in orbit an earth satellite 
“ARYABHATA’” on 19th April, 1975 named after the celebrated 
astronomer Aryabhata of the fifth century A.D. 


“ To be placed in orbit,a satellite must be raised to the desired 
cin and given the correct speed and direction by the launching 
tocket.-A ‘typical launching sequence using a two-stage rocket 
might be as follows : 


At lift-off, the rocket, with a manned or unmanned space 
_capaule on top, is held down by clamps on the launching pad for 
a few seconds until the exhaust gases have built-up an upward 
thrust which exceeds the rocket’s weight. The clamps are then 
removed by remote control and the rocket accelerates upwards. 


To penetrate the dense lower part of the atmosphere by the 
shortest possible route, the rocket rises vertically initially and after 
this is gradually tilted by the guidance system. The first-stage 
_ rocket, which may burn for about 2 minutes producing a speed of 

3 km s~1 or so, lifts the vehicle to a height of around 60 km, then 
. ‘separates and falls back to earth, landing many kilometres from the 
launching site. [Fig. 3°22 (b)] 


The vehicle now coasts in ftee flight (unpowered) to its 
orbital height, say 160 km, where it is momentarily se eke 
tally (/.e., parallel to the earth’s surface immediately below). The 
Second stage rocket then fires and increases the speed to that 
required for a circular orbit at this height {about 8kms~}). By 
firing small rockets, the capsule is separated from the second 
stage which follows behing, also in orbit. 


‘ r2 F 
The equation V3=g +h °° circular orbits shows that 


each orbit requires a certain speed and the greater thi i ius 
(r-+), the smaller the speed V. ea emit radins 


Some notable space flights are given below. ; 
satellites have a period of 24 hours, ssactly the same Sh raptor 
earth, and so remain in the same position above the earth, appa- 
tentiy stationary. By acting as relay stations, they make coutinuous, 
world-wide communications e.g., of television programmes possible. 
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39 VELOCITY OF ESCAPE 


The faster a ball is thrown upwards the higher does it rise 
before it is stopped and pulled back by gravity. To escape from 
the earth into outer space we will show shortly that an object must 
have a speed of just over J] km s-l—called the escape velocity 
Thus escape velocity may be defined as. the velocity with which an 


object must be projected in order that it may escape the earth’s 


gravitational pull. 


The multistage rockets in use at present burn their fuel in a 
compaiatively short time to obtain the best performance., They 
behave rather like objects thrown upwards i.e., like projectiles. For 
a journey to, say, the moon, they, therefore, have to attain the 
escape velocity. In many cases this is done by first putting the final 
vehicle into a parking orbit round the earth with a speed of & kms"? 
and then firing the final rocket again to reach escape velocity in the 
appropriate direction. The attainment of the escape velocity is not 
a necessary condition however. The essential thing is that a cer- 
tain amount of energy is required to escape from the earth, 


The escape velocity is obtained from the fact that the potential 
energy gained by the body equals its loss of kinetic energy, if air 
resistance is neglected. The work done measures the energy change. 
Let ‘m’ be the mass of the escaping body and M the mass of the 
earth. The force F exerted on the object by the earth when it is 
distance x from the centre of the earth is 


GMm 
xa 


Therefore work done dW by gravity when the body moves a 
further short distance dx upwards is ; 
GMm 

x 
(the negative sign shows the force acts in the opposite direction to 
the displacement). 

Therefore, total work done while body escapes 


F= where G=Gravitational constant 


dW=—Fdx=— dx. 


ied 
—GMrm , 
> - 
r 


where r=radius of the earth. 


« 

=—GMn{ —+ | 
x 

r 
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« 

=GMn/ ~] 
x 

r 


—_—GMm 
r 


If the body leaves the earth with speed V and just escapes 
fromi its gravitational field 


GMm 


r 


v=) eM wa. GD) 


tmVi= 


But g= oM where g=Acceleration due to gravity. 


Point of projection 


day gr \ v=./or v7 
= 11 kmh Sa 
aN =8 kms, 
‘ ’ 
. i. 
ee Sah 


a te 
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Substituting r=6°4 x 108m 
and 2g=9'8 ms 2, we get 
V=V2xX98X64X 108 
=11'2 kms“ 
Possible paths for a body projected at different speeds from 
the earth aré shown in (Fig. 3°23). 


The earth has atmosphere whereas the moon has no atmos- 
phere. Can you suggest a possible reason ? 


Example 3°6. Calculate the escape velocity on the surface of 
the moon. Given the radius of the moon=1'7 x 106 m and mass of 
the moon=7°35 x 1022 kg and G=-6°67 x 10°11 Nm?/kg?, 

Solution. 

According to equation (3-17), the escape velocity is given by 

Vu mI 2GM 
r 
where M=mass of the moon 
and. r=Radius of the moon 
es 2X 6°67 xX 10-11 x 7°35 x 1022 
pe 1°7 x 106 
=2°4x 108 ms-1 ¢ 

Example 3’7. A satellite is revolving in circular orbit. at a 
height of 1000 km from the surface of the earth. Calculate the 
orbital velocity and time of revolution. Given, radius of the earth 
=6380 km; mass of earth=6x10%kg and G=6°67 x 10-11 Nm8/kg?. 

Solution. : 

Orbital velocity of the satellite is given by 

= | GM 
(r+h) 
in which M=6 x 1024 kg 
r=6380 km 
h=1000 km 


. v= [667x101 X6x 104 © 
7380x 108 


= 7°35 x 108ms"1 


2m (r-+h) 2x 2. 7380x 108 z 
Vv Se aS AOR 
=6305 sec 
=] hour 45 minutes 5'sec, 


“Time Period T= 
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310 RIGID BODY ROTATION 


Rigid Body. A body is said to be rigid if it does not undergo 
any change in shape under the action of forces: It offers resistance 
to a force tending to change its shape. 


Fig. 3°24 
A rigid body may also be defined as tollows : 


A perfectly rigid body is one in which the distance between 
any pair of particles or atoms of which it is composed ~f remains 
same when forces, however great, act on it. 


Tf the body suffers a simple displacement, all the atoms under- 
go the same displacement. 


There is not a single body which conforms to the definition 
given above. But for all practical purposes ll solids may be 
regarded as rigid bodies because the yielding is small. Thus, a rail- 
way bridge girder is perfectly rigid though it does bend to a slight 
extent under its own weight and to a slightly greater extent under 
the weight of a running train. Similarly a wooden metre rod is 
considered to be perfectly rigid when forces of the order of say 2N 
are applied on it, 


Tramsiatory Motion. A rigid body is said to exectue 
translatory motion if it moves bodily form one place to another 


(A spinning top is a 
rotating _—rigid 
body) 
Fig. 3:26 


Fig. 3°25 


ES 
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in such a way that all its particles generate parallel lines with the 
same speed as shown in (Fig 3°24). The motion of a train along its 
track is translatory in character. - ; 


Rotatory Motion. A rigid body 1s said to execute rotatory 
motion if it rotates about a fixed axis in such a way that its parti- 
cles generate concentric circles with the same angular velocity but 
with different linear velocities (Fig. 3°25). The motion of @ wheel 
of a.train about its axle is rotatory in character. The motion of 
the axle, however, is translatory. A spinning top (Fig. 3°26) is a 
rotating rigid body. The reader should visualize the earth rotating 
about a line througir the north and south poles. 


3:11 ANGULAR ACCELERATION 


When the angular velocity of a rotating body is not uniform, 
it is said to possess angular acceleration. The angular accelera- 
tion of a rigid body in pure rotation is defined as the rate of 
change of angular velocity. 


If the angular velocity increases uniformiy and « and ag are 
the angular velocities at time intervals % and fg, the uniform 
angular acceleration is given by 


_ @a-o, _ Ao 
“= Bon i) 
or | @g=01+4(t2—t) + (Hi) 


Equation (ii) in rotatory motion is the counterpart of 
V=u-+at 


in translatory or linear motion where the symbols have their 
usual meanings. The instantaneous angular acceleration is the 
limit when. At approaches zero. 
Instantaneous angular accleration 
== Lim ae )\=-$. 
At>0\ At at 


-$(4) ?6 
at\ dt)” de® 


or Cone =a ++. (3-19) 


Angular acceleatiun is measured in rad sec™*, 
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Relation between Angular Acceleration and Linear Accelera- 
‘tion, : 


Let us consider -a rigid body 
rotating about the. axis through Oo 
with variable angular velocity (Fig. 
3°27).' Any point such as B distant r 
from the axis of rotation moves along 
acircular arc of radius r, Let the 
linear velocity of B at any instant ty 
be Vy corresponding to its angular 
velocity w,;. At another instant te, 
when B takes up the position B’, let 
its linear velocity be Vo corresponding 
to angular velocity «3. Then linear 
acceleration 

qa SCS 

(t2—1) 
But Vi=ra, and Ve=ra, 
ey 
(ta) 
— e201) 
(4-1) 
we a=r. Ao 


At 


s a 


or a=ra 


«-.(32-0) 


Linear Acceleration=radius x angular acceleration 
3:12 MOMENT OF INERTIA (Rotational Kinetic Energy) 


Let us consider a body rotating with a uniform angular 
velocity w about an axis through O perpendicular to the plane of 
the paper (Fig. 3°28). Each particle of the body possesses some 
kinetic energy by virtue of its motion, their sum total being equal 
to the kinetic energy of the Totating body as-a whole. To calculate 
this energy, let a particle of mass m distant r; from the axis of 
rotation, move with a linear velocity V,. Its kinetic energy then is 
am1Vi?. But Vi=or;, Therefore, the kinetic energy of the par- 
ticle is 42(V1)?=prnyr 202, _ Similarly, a particle of mags me at a 
distance rg from O and Moving with a linear velocity Vo has kinetic 
energy equal to dmaV2"= tmg(ors)?=Imgro2a2 and so on. Hence 
the total kinetic energy of the body is given by 

dnyrya? + dmerear+ 
=z Mn Ta oo? 


=HUmirit+mor2®+.. eo 
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The term (mr?) is the sum of the products of the masses of 
the various particles and the squares of their respective distances 


Fig. 3°28 


from the axis of rotation. It is called the moment of inertia 
or the rotational inertia of the giveu hody and it depends 
upon che particular axis about which the body rotates and 
the distribution of the mass of the body about that axis. 
Henc= moment of inertia of a rigid body about a fixed axis 
may be defined as the sum of the products of the masses of 
all the particles constituting the body and the squares of 
their respective distances from the axis of rotation, 


3n calculus notation, the expression for the moment of 
inertia may be written as 


I= [re dm 
where di js the mass element at a_ perpendicular distance 7 from 


the axis of rotation and the imegral is extended over all the mass 
elements of the body. 
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Denoting the moment of inertia by I, the expression for 
kinetic energy of rotation becomes 


| K.E. =} Ia? (3-21) 
1 


The above equation (3-21) is the rotational analogue of the kinetic 
energy 3mV? or the body of mass m moving with a linear yelocity 
V. Comparing the expressions for the kinetic energy of a body in 
translational and rotational motions and remembering that o is the 
rotational analogue of V, it follows that the moment of Inertia I 
is tne rotationcl analogue of mass m. 


Physical Significance of Moment of Inenrtia 


We know that, in accordance with Newton’s first law of 
motion, a body must continue in its state of rest or of uniform 
motion, unless acted upon by an external force, This inertness or 
inability of a body to change its position of rest or of uniform 
motion, by itself, is called inertia and is a fundamental property 
of matter. Thus, it is by virtue of this property that a body oppo- 
ses any change in its state of rest or motion. And, experience 
tells us that she greater the mass of a body, the greater its inertia 
or opposition te the desired change and hence the greater the force 
required to-produce in it the desired linear acceleration, positive or 
negative. The mass of a boy is thus taken to be a measure of its 
‘inertia for translatory motion. 


Exactly similarly, a body, free to rotate about a given axis, 
Opposes both the state ol rest as well as rotation about that axis. 
It thus possesses iertia for rotational motion. And, clearly, the 
greater the couple required to produce in it a desired angular acce- 
leration (positive or negative), the greater its inertia for rotational 
motion. This rotutional inertia uf the body is called its moment of 
iaertia, on the analogy of the moment of the couple, which it 


opposes. 


It will thus be clear that the moment of inertia of a body plays 
the same part as, or is analogous to, its mass in the case of transla- 
tory motion. So that we may define mass as the ‘coefficient of inertia 
for trunslatory motion’ and moment of inertia as the ‘coefficient of 
rotanonu: inertia.” 


With all this seeming similarity, however, there is yet an 
important difference between the two cases, viz., that whereas in 
the case of translatory motion, the inertia of the body depends 
ivholly upon its mass and is, therefore, measured in terms of mass 
(M) alone, in the case of rotatioral motion, the moment of inertia 
depends upon mass (M) of the body as well as the effective distance 
(K) of its particies from the axis of rotation, i.e., on the distribution of 


a 
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massabout the axis, and is measured by MK2. Thus, for example, 
the moment of inertia of a ring will be greater than that of a disc 
about a perpendicular axis through the centre, even though the 
mass and radius of either be the same. For, obviously, the effective 
distance (K) of the particles from the axis of rotation is greater in 
the case of the ring *+an in the case of the disc. 


xadius of Gyration 


Radius of gyration may be defincc as thc. Vistance from the 
axis of rotation at which, if the whole muss of the budy is concentret- 
ed, its moment of inertia about the axis is the same as that with the 
actual distribution of mass. 


Fig. 3:29 
To determine the radius of gyration, let us consider a body of 
mass M, consisting of » particles of mass m cach, situated at distan- 
CES 14, Ta, £3-.-+-+) ™n from the axis of rotation (Fig. 3.29). Then the 
moment of inertia of the body about the given axis is given by 
T=mryeaire? bars? +... bare 
=mrybrettre+...... +rn*) 
ry tre? try"... 


=mxXil ( 
n 


pyre tre 

M ( pil Sigil A aR) 

\ n 

where M=71X1=tota! mass 


if K iy the radius of gyration ubout the given axis, we also 
have I=Mk2 : 


342 


5 P+ re2 + rg? ow 
ate (enti at 


or k=,/ et eG tin? 


= 4 Mean square distance 


= Root mean square distance 


Thus the radius of gyration of a body about a given axis is 
equal to the root mean Square distance of its particles about the axis 
Of rotation. The radius of gyration for a given body will be diffe- 
rent about different axes of rotation. It depends upon the distri- 
’ bution of mass about the axis of rotation. The concept of radius of 
gyration is often.found useful in calculations. 


Units and dimensions of Moment of Inertia 


_As we have seen above; the moment of inertia of a body abou 
@ given axis is equal to MK?; where M is the mass of the body and 
K, its radius of gyration about that axis. Clearly, therefore, the 
dimensions of moment of inertia are | in Mass and 2 in length, so 
that its dimensional formula is M12. 


In SI system, mass is taken in kilograms (kg) and the radius 
of Byration in metres (m), the moment of Inertia is expressed in 
kg m?. 


Further it must be carefully noted that since moment of 
Inertia of a body. about a given axis, remains unaffected by rever- 
sing its direction of rotation about that axis, it is a pure and simple 
Scalar Quantity. % 


313° TWO GENERAI. THEOREMS ON MOMENT OF 
INERTIA 


Proof. Let Js and /y be the Fespective moments of inertia of 

_ 4 plane lamina about the axes OX and OY, at right angles to cach 

‘other /ying in the plane of the lamina and intersecting each other at 
O. (Fig. 3°30). Then. if 1 be moment of inertia of the lamina about 


‘an axis perpendicular to the Plane of the lamina and passing t 
O, we have of passing through 


f=E+41,. 


y 
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For, considering a particle of mass m at P, distant x and 
from OY and OY and r from O respectivelv. we clearly have : 


Y 


Fig. 3-30 
1=2mr2, 
f=3myt and [,—xmxt, 
So that, fat ly =Emy2+ Ext Yin( 124 x2) 
=Zmr2, (12) y8-x2mmp2] 


or, 2) 


Plane and passing through O, the point.of intersection of the two axes 
OY and OX. 


2, The principle (or theorem) of paraliel axes. This 
theorem, due to’ Steiner, states that the moment of inertia of a body 
about any axis is equal to its moment of inertia about a parallel ‘axis 


Proof. Let AB be the axis, in the Plane of the paper, about 
which the moment of inertia of the body is to be determined and 
CD, a parallel axis through O, the centre of mass of the body, at a 
distance r from AB, ete 

Consider a particle or a small element of the body, of mass. m. 
at P, at a distance x from CD. Then, clearly, moment of inertia 
of m about AB=m(x+r)?. 

And ++ moment of inertia of the whole body about AB, i..,. 
1=2n(x+ry2. 
Or, ; T=Xmx?2+ Emr2+25mxr, 


34h 
Obviously, Smx?=J,, the moment of inertia of the body about 
the axis CD through the centre of mass. 


A 


Fig. 3°31 
: So that, 1=I,+3mr? +22mxr. 
Now:2mr?=Mr?, where M is the mass of the whole body, and 
Dmx, the moment of all its particles about the axis CD and, there- 
fore, equal to zero because, as we know, a body always balances 
atout its centre of mass, indicating that the algebraic sum of the 
moments about it is zero. We. therefore, have 


Or, moment of inertia of the body about axis AB 
its moment of inertia about the parallel axis CD 
through its centre of mass-++mass of the body 
x (distance between the tivo axes)*. 


3:14 + ii OF INERTIA OF A UNIFORM CIRCULAR 
SC 


(a) Moment of inertia of a disc about on axis through its 
centre and perpendicular to its 
plane. Let M be the mass of the 
disc and R, its radius, [Fig. 3°321a)] 
so that its mass per unit area 

=M/rR. 

; Consider a ring of the disc, 
distant x from its centre O, Le., 
of radius x and of width dz. Then, i) 
clearly, the area of this ring=its Fig. 3°32 


circumference x its width, or equal to 2wx.dr. 3°45, 


This is because when open up, it can be considered to be a fectangle 
of length=22x and width=dx “. Area=2exXdx 


- M 2Mx.dx 
Hence, its mass= ERE * 2Rx.da= x 


-. moment of inertia of this ring about an axis through O and 
perpendicular to its plane (i.e., the Plane of the disc) 


2Mx.dx ga 2Mx8.dx 


base ees 


Since the whole disc may be supposed to be made up of such 
like concentric rings, of radii tanging fromO to R, we can obtain 
the moment of inertia (1) of the disc by integrating the above 
€apression for the moment of inertia of the ring between the limits 
x=0 and x=R. R 


2Mx3_ 2MPxt7R 2M RS 
Thus, is | ae x +h =a. RE 
0 


Or, | I=MR?/2. | «(3-24) 


(6) Moment of inertia of the disc about a diameter. Let AB 
and CD be two perpendicular diameters of the circular disc, 
(Fig. 3°32 (6)]._ Then, since all diameters are alike, the: moment of 
inertia of the disc about one diameter is the same as that about 
another. So that. its moment of inertia about AB=its moment: of 
inertia about CD=I, say, ; 


Now, 6): the principle of perpendicular axes, we have 


moment of inertia of the disc about AB+its.moment of inertia about 
CD=its moment of inertia about the axis through O and 
perpendicular to its plane. 


So that, 1+1=MR?/2 or 21—=MR?/2, 


whence, I=MR?2/4 see(3-25) 


Note. The formula for the moment of Incrtia of a right 
cylinder about its axis is the same as that obtained above for a 
uniform circular disc, namély $MR2, because a cylinder is a disc 
of large thickness. 


3:15. MOMENT OF INERTIA OF AN ANNULAR RING 
AND A UNIFORM CIRCULAR RING (OR HOOP) 


(a) Moment of irertia of an annular ring about a pe 
dicular axis through its centre. An annular ting is just a 


346 ; 
5 circular disc from Which a 
smaller, concentric disc has been 


removed, leaving a hole in its 
place, as shown in Fig (3°33). 


Let Ry and Rg be the inner 
and outer radii of the annular 
disc and O, its centre. Then, 
clearly, face area of the disc= 

 -m(Ro?—Rj?) and, therefore, if M 
be its m:ss. we have Fig 3°33 


Miss per unit area of the disc=M/x(R22—Ry2). 


Now, consider a co-axial ting of radius x and width dx, shown 
dotted in the figure. We clearly have 


face area of this ring=2nx.dx and, therefore, its mass 


M 2Mx 
~ARE—R4) X Qmx.dxes R2—R)) dx, 


Hence, moment of inertia of this ring about an axis snrough O 
and perpendicular to its plane 


2Mx _ __ 2Mx3 
=R2—-RD + axXx2= R2—RD dr, 


fhe moment of inertia (1) of the whele annular disc about this 
axis through O and perpendicular to ity Plane is thus easily obtained 
by integrating the above expression for the moment of inertia of the 
ting, between the limits *=Ri and x=Re. So that, we have 
Re 2Mx3 2M Re 
Is a= ————___ 
IRR ay le 


“RoR a | ate [SEE RS— RN) 


or, r=— MRR) +++(3-26) 


OF, moment of inertia of the annular disc.about a Perpendicular axis 
through its centre 


=M(Re?+Rj®)/2. 


(6) Moment of inertia of an anoular disc about its dia- 
meter. From the symmetrical shape of an annular disc it is clear 
that its moment of inertia about one diameter will be the same as 
about another. Let it be I. Then, by the principle of perpendi- 
cular axes, we have 
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sum of the moments of inertia about two perpendicular diame‘ers 
=moment of inertia about a perpendicular diameter 


through O. 
2 2 
or I+I= MRR 
2. 2 
a a= MiRe Ry ) 
2 
whence, p= MEER BZD) 


or Moment of Inertia of an annular disc about a diameter: 
_ M(R2?+R1°) 
an 4 


(c) Moment of Inertia of a circular disc. 
(i) About a perpendicular axis through its centre: 


If Ri=O, we havea plane circular disc. So that, putting 
pore and Re=R, the radius of the disc, we have from equation 
(3-26 


.(3-28) 


Moment of Inertia of a plane circular disc about a perpendi- 
cular axis through its centre=} MR? ; 


(ii) About a diameter 
Putting Re=R and Ry=O in equation (3-27), we have 


was (3-29) 


(@) Moment of Inertia of a circular ring : 

{i) About an axis through its centre and perpendicular to its plane by: 
If Ri=Re, we have a circular ring or hoop. So that, putting 

Ri=Re=R, the radius of the ring, we have from equation (3.26) : 

_M(R?+R?) 


! 2 
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i.e,, Moment of Inertia of a rmg about a perpendicular axis through 
its centre=MR3. 


(ii) About a diameter: 
Putting Ri=R3=R in equation (3-27), we have 
1m MRED 


e 1-2 wa(3-31) 


Here are the formulae for moments of Inertia in a few simple 
cases s— ; 
1) The moment of mertia of a uniform rod of mass ‘M’ 
" and length ‘I’ about an axis through its centre and per- 
pendicular to the length of the rod 
Mia 
at 7 ++.(3-32) 


(2) The moment of Inertia of a uniform rod of mass M and 


t ‘I’ about ap axis through one end and Perpendi- 
cular to the fength of the rod . 


-@ w-s(3+33) 


(3) The moment of Inertia of a solid sphere of mass M and 
radius ‘r’ about any diameter : 


-2 Mr? ~ oas(3-34) 


Example 58. A thin metal hoop. of radius 0:25 m 
and mass 2 kg starts from rest and rolls down ai. inclined plane. 
Jf its dinear velocity on Teaching the foot 3° the P 

is 2 ms, what is its rotational kinetic energy at that instant. 


Solution, 


Here M=2 kg 
R=0'25 m 
V=2 ms"l 
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The moment of inertia of a thin circular hoop (or ring) about 
an axis passing through its centre and perpendicular to plane 
of the hoop is 


I= MR? 
=2x (0°25)? 
=} kgm? 
and ony — =8 rad st 
So, rotational Kinetic Energy =} Iu? 
=x) x? 
=4 . joules 


Example 3°9. A solid cylinder rolls down an inclined 
plane. Its mass is 2kg and radius 0'1 m. If the height of the 


inclined plane is 4 m, what is its rotational kinetic energy when it 
reaches the foot of the plane. 3 


Solution. 
Since Mgh=4}MV°-+ }Io*® 
. + 2 
Angular velocity (#)= seh as l= = 
and V=oR 
.. Rotational K.E.—}lo* 
_Mgh 
3 
2x9.8x4 
ee ale 
=26.13 joules 


316 TORQUE AND ROTATORY MOTION 


Consider a rigid body capable of rotating about a fixed axis 
passing through O [Fig. 3:34] and perpendicular to the plane of the 
diagram. A force F applied at P will cause the bedy to rotate 
with some angular acceleration. If the same force is applied at the 
point Q farther trom the axis of rotation, the bedy is found te 


rotate with ter angular acceleration. Jf thus follows that the 
rotational accaletaslen produced in a body by a given force depends 
not only upon the magnitude of the force but also on the point of its 
application. 


F 


Fe 
A 


o-----+—__1.__... — 


¢--r--»P 


Fig. 3°34 Torque and Rotatory Motion 

Now apply another force say F’ ata point B such that the 
line of action of the force pee through the point of rotation O. 
The fotce in this case fails to produce any rotation at all. Thus 
the rotetional acceleration produced in a body by a given force 
depends also on its line of action. No rotational acceleration is 
‘shaw if the line of action of the force passes through the point of 
rctation, 


Thiz tendency of a force to rotate a body about a given point is 
called moment of the force or torque and is given by the product of 
the force and the perpendicular distance between the line of action o? 
the force and the axis of rotation. 

The perpendicular distance is called lever arm or moment 


> 
asm. In (Fig. 3°34) the torque exerted by the force F acting at P is 
given by 


t=rxXF - «on(3+35) 
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a 
where t=torque 


ae 
r=lever arm 


— > 
Since the force F and the lever arm r are vectors, the torque 
» < 
tcan be written as the cross-product of these two vectors. The 
magnitude of the torque is |rF{ and its direction is perpendi- 
> > 
cular to the plane ofrandF and is given by right hand screw 
rule, 


Units of Torque : 


- Torque is measured in N-m (newton-metre) in SI system. Jts 
dimensions are ML?T-, 


Tt must be noted that though torque has the same dimensions 
as that of work. Yet they are different physical quantities. In 
measuring work, force and displacement are along the same direc- 
Son whereas in the case of torque, they are perpendicular to each 
other. 


317 WORK DONE BY TORQUE 


A pair of equal, unlike, parallel forces having different lines of 
action is called a couple. The vector sum of the forces in a couple 
is zero so that a couple cannot produce any motion of translation. 
A couple only tends to rotate a body about a given axis and the 
torque exerted by couple is measured by the product of either force 
and perpendicular distance between their lines of action i.e., 
-_ o> > 
t= F <r, The perpendicular distance r is known as the arm of 
the cove. 


C msider a rigid body capable of rotating about a fixed axis 
throug] O and perpendicular to the plane of the diagram. Let the 
body {} subjected to the action of a couple, consisting of two 
equal ; ad opposite forces F, F, one acting at O and the other at P 
distano r from O (Fig. 3°35). Further, the forces are assumed to 
eerste to OP. As a result of the applied couple, !et the 

ly get displaced through a very small le d0 so that P covers 
along the circular arc a corresponding scfall Gistange PP’ =ds, 

The work done by the force F acting at P du: small 
angular displacement dé is given by f me 

dW=F.ds=F.rd0 (° dsxr.d®) 
Since the point O remains fixed, no work is done by the force 
acting at O. Thus the total work done by the two forces or the 
soon EA, But F.r. is the moment of the force F or its.torque 
about O, : 
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If t is the torque, then 
dW=7.d6. 
Ifthe body is displaced through an angle 8, the total work 
done is given by 
0 
W= | _nd0. 
0 


or W=70 «+-(3-36) 


or Work done by a couple (or torque) 
=Torque of the couple x Angle of rotation 


Fig. 3°35 


The equation (3-36) is the counter part of W=FxS or Work 
done=Force x displacement in translatory motion where. torque 
replaces the force and the angular displacement replaces the linear 
displacement. : 

‘318 TORQUE AND ANGULAR ACCELERATION 


If we wish to accelerate the rotation of a body about the 
axis of rotation, we have to apply to it a couple and we know that 
the moment of the couple, so applied is called torque. 

Clearly, the angular acceleration of all the particles of the 
body is the same, but the linear accelerations of different particles 
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are different, depending upon their respective distances from the 


axis of rotation. If dw/dt=a be the angular acceleration of the 
body (and hence of its particles), we have [Fig. 3°28]. ° 


Acceleration of the particle distant r; from the axis 
dw 
ier ae 
Acceleration of the particle distance re from the axis, 


do 
=a and so on. 


Now, force=mass X acceleration. So that the forces acting 
on the different particles are mri a mre, mars ase * 


rar oe, The moments of these forces about the axis of rotation are 
ad de 
thus equal to ( mara ) -Th ( mar =) Tt ( mare) - T3, 


ene 


So that moment of the whole body about the axis of rotation 
2.dw da oe hana 2 do 
= myry a + mare + mart + Waidvetss +iare 7a 


a do _ do dw 
Son aE Sta. aire 


=I.a because Smr2=I, the moment of Inertia of the body 
about the given axis. 


This must clearly be equal to the moment of the couple or the 
torqu, (t) applied to the body. Therefore, 


torque (nt =Ie «+.(3-37) 


or Torque=moment of Inertia x angular acceleration 
Clearly, therefore, if «=1, we have 


= 


Thus the moment of Inertia of a body about an axis may also 
! _— as the torque required to produce unit angular‘acceleration 
in tt. bag ; 
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> => 
The relation (3-37) corresponds to F= ma for translatory 
Motion. 


319 ANGULAR MOMENTUM AND ANGULAR IMPULSE 
In the case of linear motion, we have, as we know, 
momentum of a body=mass of the budy X its velocity 
Since, as we have seen, moment of inertia, in the case of rota- 
tional motion, is analogous te mass in linear motior and angular 
velocity to linear velocity, we have 


-> > 
angular momentum (L)=moment of inertia X angular velocity=I .w. 


This may be easily seen from the following : 


is, 
If @ be the angular velocity of a body rotating about an axis, 
= 
the angular velocity of all its Particles is also the sanie, viz., o, but 
their linear velocities are different, depending upon their respective 
distances from the axis of totation. Thus, for a particle distant 
> > > 
ry from the axis, it is r) w, for a Particie distant re from the axis, it 
> > 
is raw and so on, and their linear momenta are respectively myryo, 
> 
Mara etc., Where my and me are the masses of the particles, 
So that, moment of momentum of Particle m, about the axis 


> > 
=m. X ry=myr32.0 


ae 
and moment of momentum of Particle me=more2.o and so en. 


“moment of momentum of the whole body about the axis 
or angular momentum : 


> > > 
L=myr32.0+ merst.o+...... , 
> ; > 
or L=2mr2.0 =Io, -+.(3-38) 
f : (. Emr2=T] 
where I is the moment of inertia of the body about the axis of 
fotation. 


~~ 
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Angular Momentum= Moment of Inertia x Angular Velocity. 


The angular momentum of a rotating body about its 
axis of rotation is thus equal to the sum of the moments of 
the linear momenta of its particles about that axis. This is 
the reason why it is also called the moment of momentum. 


> 

If angular momentum L is analogous to linear momentum 
nee 
p, it must be a vector quantity whose direction can be obtained: by 


> Pad 
employing the vector cross product of the momentum p and r the 
moment arm. In vector notation 


i a > 
L=rxX p=rxX mV 
br gt) 
. The dimensions of J. are M1L2T1 
Now, as we know 
torque (+)=I.do/dt, 


where dw/dt is clearly the rate of change of angular velocity of the 
body and, therefore, l.dw/dt is the rate of change of angular momen- 
tum of the body about the axis of rotation. So that 


torque=rate of change of angular momentum 


t= -+0(3-39) 


Again, it follows from.the above ote I.dwo=t.dt, integrating 
which we have angular momentum lo=| .dt, —an expression 
which is true, howsoever + may vary with time. 

If + be constant, we have 


lo=(* +.dt=+.t, which clearly gives the angular momentum 
acquired by the body in time ¢. 
And, if + be quite large and ft, very small, the expression 
+. dt measures the engular impulse given to the body, which 
becomes st, if + be constant. Thus, we have 
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angular impulse=torque x time 


on the same analogy as we have linear impulse=force x time, in 
the case of: linear motion. 


3:20 CONSERVATION OF ANGULAR MOMENTUM 


We know that, 
External torque=Rate of change of angular momentum 


465 etre 
‘If the external torque acting on a body is zero, then t=0 
and hence (dL/dt)=0. This means L=constant 


Just as in the case of linear momentum, the importance of 
this expression is that angular momentum (L) is a conserved 
quantity. 

“The total angular momentum of an isolated system 
sxemains constant or the angular momentum of 2 system 
para a constant as long as no net external torque is applied 
to it,” 


It is known as-ne principle of conservation of angular 
momentum. This principle is quite general and holds true 
whatever the nature of interaction between particles of a body. 
It applies not only to rigid bodiss but to non-rigid bodies also. 
During its rotation, a body may change the distribution of mass 
and hence its moment of ineztia about the axis of rotation. If the 
moment of inertia changes from Jj to Is, the angular velocity must 
also chaage from @ to m2 so that the angular momentum L 
remains. unchanged 


e,, L=Ij1= Igo | ++.(3-40) 


{ce skaters, ballet dancers, «¢robats and divers use the 
principle, The diver in (Fig. 3°36) leaves the high diving board 
with outstretched arms and legs 


_ and-some initial angular velocity ay 
about his centre of gravity. His 
angular momentum (Iw) remains y 
“4 t a 
= bY 


constant since no external tor- 
gues act on him (gravity exerts 
no torque about his centre of gra- 
vity). To make a somersault 
he must increase his angular 
velocity. He does this by pulling 
in his legs and arms so that | 
decreases and « therefore ’ in- 
creases. By extending his arms 
and legs again, his angular velo- = 
sity falls to its original value. Fig.-3°36 
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Similarly a skater can whirl faster on ice by folding his arms 
(Fig. 3°37) Satellites moving in orbit about the earth and planets 
drifting around the sun speed up when they get closer to the body: 
around which they rotate. The principle of conservation of angu- 
lar momentum is useful for dealing with large rotating bodies such 
as ie earth and the planets, as well as tiny spinning particles such 
as electrons. 


(uw) 


Fig, 3°37 Skater increasing rate of rotation: 


3:21 THE ANALOGY BETWEEN ROTATION AND 
LINEAR MOTION 


The following table summarizes the analogy between various 
quantities that are relevant to linear motion and corresponding 
quantities that play a similar role in rotational motion. 


Linear Motion Rotational Motion 

Distance (S) Angle (6) , 

Velocity (V) Angular velocity (w) 

Acceleration (a) Angular acceleration («) 

Mass (M) Moment cf Inertia (1) 

Force (F) Moment or torque of a 
couple (7) 

d?s tis a 
F=ma=m—ye t=le= ae 
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Kinetic Energy=4MV2 
~, Work done=FS 
Linear Momentum p=MV 


Force=Rate of change of mo- 
mentum with time 


Law of conservation of Momen- 
tum, if there is no result- 
ant external force. 

Equations 

V=u+at 
S=ut+}ar2 


2aS=V2— 42 


Solution. 


Assuming no external torg 


physicist with a constant 
m® stands on 


-Kinetic Energy =1Iw? 
Work done=70 

Angular Momentum L=Ia 

Torque=Rate of change of 
angular momentum. with 
time. 

Law of conservation of Angular 
Momentum, if there is no 
resultant external torque. 

Equations 

%=ao+ar 
8=cpt+-jar? 


248=u2— O92 


E monient 
the axis of 


ues act upon the system, angular 


momentum will be conserved, that is, 


T= Imnan+Imarncs =20 kg m2+ mr? 


1,=20+4+2 X4x(P2=38 kg m2 
©, =2nn=2n x l= 2n rad si 


Ta=20+2x 4x (4)2=22 kg m2 


Thay = Iga 
Now 
Initially, 
Finally, 
New ogee 01. 
I; 
38 x 2n 


or 2 


= SS 


=10°85 rad sec-1 
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Solution. 


(a) Initial angular velocity (wg)=0 
angular displacement (8)=200 rad 


time (1)=8 5 
Angular acceleration (a)? 
Now * O=cnt+ far? 
s 200=0-+ fa x 64 
ee «=26°25 rad s2 
(6) Here @o=0 
a=6'25 rad 3-2 
i=16s 
Final angular velocity =w= ? 
Since @=ag+ut 
: @=0+4625 x 16 
=100 rad s4 
E le 3°12. Acordis wound round the circumference 


of a wheel of diameter 0°3m. The axis of the wheel is horizontal, 
A mass equal to 0'5 kg is attached to the end of the cord and it iis 
allowed to fall from rest. If the weight falis 1°5 m in 4s, what is 
the angular acceleration of the wheel ? Also find the moment of 
Inertia of the wheel. 
Salution 
The data given is as follows : 
u=0 
S=1'5m 
t=4s 
a=? 
Since, S=ut+4at? 
: 1'5=0+}a(4)? 


=> met 
eka 3 ms 


Now | a=ar 
where a=angular acceleration and r=radius 
a : ; 


r 
A ee 
~ 16% 03/2) 
=1°25 rad s? 


Let I be the moment of Inertia of the wheel about the axis of 
rotation. Since 


(.. diameter=u'3 m) 


Torque t=Ia 
° 


” Teese 


Now torque produced by the weight of 0°5 kg is 
Bec Le ee 
+=(0'5 x 9°38) x aay Wie 


[< +=moment of the force] 


Nm 


ts : 
Hence I=>=4x05 =0°588 kg m? 


Example 3°13. A flywheel of mass 25 kg has a radius of 
02m. It is making 240 r.p.m: What is the torque necessary to 
bring it to rest in 20s? If the torque is due to a force applied: 
tangentially on the rim of the flywheel, what is the magnitude of 
the force ? ‘ 


Solution 
The data given is as follows : 


Initia! angular velocity (apa 2 X28 


60 
=8n rad sg! 
Final angular velocity (a)=0 
Time ()=205 
Angular Acceleration (a) =? 
Since O=agtat 
CeieetaR O=82420 0 — 
acs Alte J rad s-2 


5 


—e- 


a 
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Moment of Inertia of the wheel about the axis passing: 


through its centre and Perpendicular to its plane is 


or 


6. 


I= 25 92X02 95 ke ni? 


Now Torque += 


7=0'5 ( *)-( =) Nm 


A gain, Torque =t= External force x Perpendicular distance 
=m 3G: 
eae Fx0:2 


F=nN (neglecting —ve sign), 
SUMMARY: 


Newton's Law of Universal Gravitation indicates that eve: ticle in ¢ 
universe attracts every other Particle with a force that rip dinectiy ro s 


tional to the product of their Masses and inversely Proportional to the squ- 
are of the distance between them. } 


The constant G that relates the force of attraction to the masses of gravi. 
tationally per acting objects and the distance between them is a fundamental 
invariant that has ¢) 


The acceleration due to Sravity for all objects at the carth’s surface is 
Proportional to the mass of the earth and inversely Proportional to the 
Square of the earth’s radius at that point. The constant of Proportionality 
isG. 


The centripetal force maintains Planets in orbit around their Suns and 
Satellites around their planets. The speed required for stable. orbit of any. 
Satellite be obtained from the expression that equals the centripetal 
force with the gravitational force of attraction on the Satellite. The orbi- 
tal velocity of the Earth’s satillite is about 8 km Ss and its velocity of 
escape is 11°2km s- 1. 


The moment of Inertia of any object about a particular axis is the sum of 
the product of the masses and the square of the distances from the axis of 
all particles that make up the object. It is a scalar quantity, 


A torque is a twist that tends to rotate an object. Torque is the rota- 
tional equivalent of force. It is a vector quantity. 
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10. 


11. 


12. 


B. 


14, 


The magnitude of a torque is the product of the force that tends to rotate 
an object and the perpendicular distance between that force’s line of action 
and the axis of rotation. 

Rotational motion produced by torques is studied in terms of angular quan- 
tities such as angular displacements (@) in radians, angular velocities (#), 
and angular acceleration (a), 

Angular acceleration («) is related to the linear acceleration as follows : 


a=ra 


When the basic laws of motion are rewritter ‘1 angular terms, the moment 
of Inertia substitutes for the mass of translatiozal motion and angular velo- 
city for linear velocity. 


Angular Momentum is the product of moment of Intertia and angular velc 
city. It isa vector quantity. 


i 


QUESTIONS 


Define angular velocity. Derive a relation between angular 
velocity ahd linear velocity. 
Two cars are going around two concentric circular paths at the 
same angular speed. Does the inner or the outer car have the 
larger linear speed ? 

(Delhi Senior Sec. ; 1980) 
What do you mean by centripetal force? Derive an expres- 
sion for it when a’ body moves ina circle with a uniform 
speed. 
Explain why curved roads are generally banked ? 
Explain with the help of a neat diagram how banking provides 
the pentiepetae force necessary for a car to go in a circular 
track, 

(Delhi Senior Sec. ; 1980) 
State Kepler’s Laws of Planetary Motion. [A.1.S.S.C. 1986] 


State Newton’s Law of Gravitation and hence define Univer- 
sal Gravitational constant. What are the dimensions and 
units of G? Why do we not see the bodies moving towards 
each other due to gravitational attraction ? 


How do we derive Kepler's Third Law from Newton’s Law of 
Universal Gravitation ? 


What do you mean by orbital velocity 2 Derive an expression 


for the magnitude of orbital velocity and the time. period of a 
satellite circling the earth. 


Briefly explain how an artificial Satellite is launched. 

What do you mean by “Velocity of Escape” of an object ? 
Explain the meanings of 

(a) Rigid body (5) Translatory Motion (c) Rotatory Motion 
(d) Angular Acceleration. 


ye 


11. 


12, 


19. 


20. 


21. 


22. 
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Derive the relationship between linear and angular accelera- 
tion. 


Derive an expression for the Kinetic Energy of rotation of 
a body and hence define moment of Inertia. What is the 
Physical significance of moment of Inertia? What are its — 
units and dimensions ? Is it a vector quantity ? 


Determine moment of Inertia of (Delhi Senior Sec. 1980) 


(i) a uniform disc about an axis passing through its centre 
and perpendicular to its plane. [4.LS.S.C. 1986] 


(ii) a uniform ring about a perpendicular axis passing 
through its centre. (Delhi Senior Sec. 1980) 


What do you mean by a torque? State its units and dimen- 
sions. Is it a scalar quantity ? 


Derive an expression for the work done by a torque (or a 
couple) in rotating a body through a certain angle. 


How is torque related to angular acceleration? Derive the 
relationship and hence define Moment of Inertia of a body 
in terms of the torque acting on it. 


What do you mean by angular momentum? Derive an 
expression for it and hence show that the rate of change of 
angular momentum is proportional to the external torque. 


State the Principle of conservation of Angular Momentum 
and give two examples to illustrate it. 


When you switch on an electric fan, where does its angular 
momentum come from ? 


Describe motion in a vertical circle. Show that when a body 
is projected with a velocity which just takes it to the top of 
a vertical circle, the tension in the string at the lowest point 
is six times the weight of the body. 


Why does a cyclist lean to one side while going along a 
curve ? In which direction does he lean ? 


A car is taking a sudden tum to the left. A passenger in 
the front seat finds himself sliding towards the door. Explain 
indicating the forces acting on.the nassenger and on the car 
at this instant. 


Imagine a space craft going from the earth to the moon. 


How does the weight vary as it goes from the earth to the 
moon? Will there be any change in its mass ? 


(Hint. Since g « 4 ; at a Certain stage the weight will be 


zero (weightlessness) and then it increases in the gravitational 
field of the moon.] 
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If the carth Satellite is put in orbit at a height where the 
resistance due to the atmosphere cannot be neglected, how 
will the motion ‘of the Satellite be affected ? 


The melting of the polar ice caps is given as a possible cause 
of the variation in the Period of rotation of the earth about 
its axis. Explain. 


{Hiar. Since moment of Inertia I decreases ; the earth begins 
fo rotate faster as w increases so that Ia=constant.] 


PROBLEMS 


. A body moves uniformally in a circle of diameter 10 cm with 


an angular velocity of 3°5 rad sl, What is its speed ? What 
is its radial acceleration ? 


. A simple theory of the hydrogen atom concludes that the 


electron Moyes round. “the proton with a velocity of 2'2 x 108 


[Ans. 9:132 1098 ms-e 7 21088 g) 


. A body moves with a constant angular velocity of 2°5 rad st 


in a circle of radius 15 cm contained in a verticle Plane in the 
earth’s 8ravitational field, What is its acceleration (a) in its 
highest position (6) in its lowest position ? Explain carefully 
why there is, or is Not, a difference between the two answers, 


[Ans. 0°94 ms-2 jn both cases. The acceleration of a 
moving body is completely determined by the way 
in which it moves along its path.] 


. What is the acceleration due to Sravity ata distance from 


the centre of the earth €qual to the diameter of the earth ? 
[Ans. 2°45 ms-2] 


A planet moves around a star in a circular orbit of Tadius 


5104 m with a speed of 3x 10° mst. What is the mass of 
Star ? 2, 

(Ans. 6'7 x 1082 kg] 

A satellite of mass 1000 kg moves around a planet with « 

of $x 103 ms-1 in a circular orbit of radius 1°6x107 m. 

If the radius of the Planet is 7x 106 m, what is the accelera- 
tion due to Sravity on its surface ? 

[Aus, 8163 ms~t) 


A flywheel has a tMomert of inertia of 2x104 gm cm2 
about its axis of rotation. .When its angular velocity is 25. 
tad s“), what js its Kinetic Energy ? 

[Ans. 6:25x 10-3 J) 


a ts Slieaalie 


9. 


. 


10. 


i. 
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5 Calcolate the moment of the couple which must be anpted 


to a wheel with a moment of Inertia 2'5 kg m? to avcelerate 
it from rest to 1000 r.p.m. in 5 sec. - 
{Ans. 52:38 No} 


A racing car of mass 800 kg is travelling around a circular 
track of radius 200 m with a steady speed of 96 km h-l. Find 
its angular momentum. 

[Ans. 4°3x 108 ke m® sec™*] 


A stone of mass 4 kg is attached to a string 10 m long and 
is whirled in a horizontal circle. The string can stand a 
maximum tension of 160 N. Calculate the maximum velocity 
of revolution that can be given to the stone without breaking 


the string. 
é {Ans. 20 ms“) 
A bend in a level road has a radius of 80 m. Find the maxi- 


. mum speed which a;car, turning. this bend may, have without 


12, 


18. 


16, 


17. 


skidding, if the coefficient of friction between the road and 


the car is 0°25, 
[Ans. 14 ms7] 


At what angle must a railway track with a bend of radius 
196 m be banked for the safe running of trains at a speed of 


9°8 ms? 
[Ans. 2'85°] 


. Calculate the mass of the earth if radius of the earth 


=6°38X 108 m ; g=9°8 ms-2 and G=6°67x 10-1 Bl 
[Ans. 5°98x 1024 Kg] 


The mass of Bs sun is 2x 10% kg and of the planet Jupiter 
is 2x 1027 mean distance between the sun and the 
Jupiter is 7° * Tot m. Calculate the value of the universal 
vitational constant if the force of attraction between the 
and the Jupiter is 4°276 x 1023 N; 
(Aus, 6°50x 10-3 Nm2/kg*} 
An artificial satellite is revolving around the earth at a height 
of 30 km above the surface of the earth. Find the orbital 
velocity and the time period of revolution if radius of earth 
=6370 km and g=9'80 ms~#. Neglect the variation of ‘g’ 
with height. 
: {Ans. 7°882 kms~ ; 5103 sec,} 
A uniform circular disc of mass 1 kg and radius 5 cm rotates 
about an axis passing through its centre and perpendicular to 
its plane. Calculate its moment of Inertia. 
[Ams.. 1:25x 1073 kg m2] 
A thin metal ring of. diatneter 06 m and mass 1 kg starts 
from rest and rolls down an inclined plane. Its linear velocity 
on reaching the foot of the plane is 5 ms™1. Calculate (a) the 
moment of Inertia of the ring. (6) K.E. of rotation at that 


~ “ jnstant. 


[Ans. 0°09 kg m? ; 12'S 3} 
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38. A flywheel of an engine starting from rest attains an angular 
velocity of a rad etn ee et (a) angular accele- 

ition and lar displacement in 10 s. 
ae ope a! [Ams. 10 rad s“? ; 500 rad] 


19, A grinder is in the form of a circular disc of mass 10kg and 
diameter 04 m. Calculate the constant torque that has to be 
applied so that the disc acquires an angular velocity of 4 f/s 
in 5 sec. Calculate also the rate at which work is done by the. 


torque at the end of 5 s. 
[Ams. 1°006 Nm ; 25°28 W] 


26, Calculate the velocity with which a body has to be projected 
vertically from the carth’s surface-so that it escapes the earth's 
Gravitational influence. Radius of earth=6'4x10®m and 
g=980 ms. fAns. 11:2 108 ms72] 

2. The mass of the Sun is 2 10°° kg. and it performs one rote- 
tion in 25°4 days. If it were suddenly to shrink to one half of 
its present size, what would be its new rate of rotation ? 

that it rotates like a solid body and that its density 
is uniform throughout. 


fHline : M.1. of a solid sphere= 2 MR® 


{Ans. The new rate of rotation is four times as Ia: 
as the old one. One routation takes 6°35 daye} 


22. A small object of mass 0°5 kg is fastened to the edge of a 
circular disc of mass 2 kg and radius 10 cm. What is the total 
moment of Inertia of the system about the centre of the disc ? 

: {Ams. 0°015 kg m*) 


the wheel ? What is the angular velocity of the wheel when 
the mass has fallen crown a distance of 6 m ? Frictional 


coraay Be [Ans. 0°70 rad st 4°0 rad 5-1} 


24. If the rotation of the wheel in Problem 23 is opposed by a 
ai torque of 0°S Nm, what will be the angular velocity 
after the mass has fallen a distance of 6 m 2 [Ans. 3°6 rad s-1] 


2S. A small stone tied to an inextensible string of negligible mass is 
rotated in a circle of radius 2m in a vertical plane. Calculate 
(i) the minimum speed of the stone at the highest point of the 
circle so that the string does not slacken. 
(it) the speed at the lowest point of the circle when it has the 
above minimum speed at its highest point. (g=9'8 ms~2) 
(Ams: (i) 4-43 ms“1 (if) 9-87 msl) 
[A.1.8.S.C. 1986} 
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UNIT 4 


KINETIC THEORY OF GASES 


‘41 INTRODUCTION 


The Greeks speculated whether or not matter could be divi- 
ded indefinitely into smaller and smaller pieces. Should this be 
possible, they argued, then matter is continuous, but if not then 
matter must consist ultimately of very small entities now known as 
‘atoms’. This situation remained unresolved for many centuries 
as there was no evidence to support either of these possibilities. 
In fact, it was until the beginning of the nineteenth century that 
the atom became a precise concept based upon the laws of chemical 
combination and the kinetic theory of gases. 


Early in the nineteenth century the quantitutive study of 
beige AL bh two general laws of chemicaP combination, the 
Law of Constant Composition and the Law of Multiple Proportions. 
These state, respectively, that a particular chemical compound 
always contains the same elements combined in the same propor- 
tions ; and that when one substance unites with another in more 
than’ one proportion, these different proportions bear a simple 
tatio to one another. These were interpreted by Dalton in 1803 
to mean that compounds consist of molecules. A molecule is the 
smallest part of a substance which van exist in a free state and retains 
all the properties of the parent substance. These molecules are 
composed of atoms of various elements in definite proportions. 
There seems to be some doubt which came first, the theory or the 
experimental results, but there can be no doubt that one inspired 
and stimulated the other. Soon afterwards, in 1808, Gay-Lussac 
showed experimentally that simple ratios existed between the 
volumes of reacting gases. In 1811 Italian scientist’ Amadeo 
Avogadro combined Dalton's Atomic Theory with Gay-Lussac’s 
observations and suggested that equal volumes of gases in the 
same conditions of pressure and temperature contain equal num- 
bers of molecules. (Observations in the years since then have 
shown that each mole of gas contains 6°02 103 molecules ; this 
number is known as Avogadrd’s number.) From this it follows that, 
since 2'0 g of hydrogen at STP (0°C and 76 cm of mercury pressure) 
occupy 22°4 litres, then 28 g of nitrogen or 32 g of oxygen also 
occupy 22°4 litres. In general, the mass of a gas which has a volume 


(4.1) 
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of 22'4 litres at STP, is equal to its molecular weight expressed in 
"gtams, A mole of any particular element or componentis defined as 
_the mass of the substance equal to the atomic or molecular 
weight expressed in grams. 


These simple ideas led to the formulation of the Atomic Theory 
of Matter which in turn explained all chemical observations and 
theory during the next hundred years. Later in the century 
Mendeleev showed that if the elements were placed in order of 
atomic magses they displayed a periodicity of behaviour. The 
atomic’ theory was quite unable to explain this, which was a clear 
indication that the atom was not the simple indivisible unit 
initially conceived by Dalton. The full significance of the periodic 
table was not apparent until the development of our ideas of 
atomic structure in the present century. 


As these ideas were taking shape in chemistry certain rather 
abstract ideas in Physics were beginning to emerge. In particular, 
experimental evidence began to accumulate which showed first 
that heat was a form of energy, and \ater that light, electricity, 
magnetism and Sound were also forms of energy. Physics appea- 
red to be reduced to a study of the interactions of these various 
forms of energy with matter. It also became clear that in all 
natural processes energy is converted from one form into another 
and is never created or destroyed. This is the law of conservation 
of energy. Another conservation Law, concerning momentum, 
applies to both linear and angular momentum, and the study of 
atomic physics provides many elegant illustrations of this law. 


Kinetic Theory of Matter is based upon the two hypotheses t 
that matter is composed of molecules and atoms, and that heat is a 
form of energy and heat is manifest as the Kinetic Energy of the 
molecules in their random:motion. 


On the basis of these hypotheses, many physical phemonena 
like the states of matter, elasticity ; evaporatio expansion, change 
of state, etc., have been explained satisfactori ly. For example the 
three states of matter can be explained as follows : 


: The molecules of any substance are held together by inter- 
molecular forces. These forces resist the breaking up of molecular 
aggregates due to internal thermal agitation. If the forces due to 
thermal. agitation are weaker than the intermolecular forces, then 
the substance will remain a solid and retain both its shape and 
volume even when its temperature is considerably raised. If the 
forces due to thermal agitation are comparable to the intermole- 
cular forces, then the molecules of the substance can slide past one 
another even at room temperature. Such substances are called 
liquids, and though they can retain their volume ‘they take the 
shape of the container in which they are poured. If, on the other 
hand, the forces due to thermal agitation are stronger than the 
intermolecular forces, then the molecules of the substance fly 
apart and such substances are called gases, A gas can neither retain 
its Volume nor its shape. 
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Evidence in support of the existence of molecules comes from 
such: phenomena as diffusion , Evaporation , Brownian motion. 
Diffusion. The phenomenon of diffusion furnishes a striking 
evidence of the molecular agitation of matter. Particles of one sub- 
stance diffuse into another against gravity due to molecular 
motion. Hydrogen diffuses into carbon dioxide when a jar full of 
Hydrogen is held mouth to mouth over a jar full of carbon dioxide, 
despite the fact that hydrogen js lighter than carbon-di-oxide. 
Particles of colour diffuse into water whena_piece‘of colour is 
placed gently at the bottom of a cylinder full of water. Similarly 
alcohol diffuses into water, and gold diffuses into lead. 
Evaporation. The phenomenon of evaporation is intimately 
connected with the motion of the molecules. The molecules in a 
liquid are more or less free to move about. The molecules near 
the surface try to escape but are generally prevented from doing so 
on account of the attraction of other molecules. However, at any 
temperature, all the molecules do not move with the same velocity. 
Some are much faster than others. Such molecules, as are near 
the surface and move towards it,. will escape. Thus the process of 
evaporation consists in the escape of the fast moving molecules i.e., 
molecules whose velocity is much above the average. This results 
in lowering the average velocity of the molecules which in turn 
means lowering of temperature i.e., cooling—a well known fact. 
Brownian Motion 
Robert Brown, an English Botanist, first observed Brownian 
notion (named after him) in 1827. This is an evidence in support 
of existence of molecules in motion. This may be demonstrated. 
by introducing cigarette smoke into a small hollow glass cube of 
about ten millimetre side placed on the stage of a microscope and 
illuminated by a strong horizontal beam of light from oneside. (Fig. 
4'1) When viewed under high magnification, small bright specks of 
smoke particles may be seen. These are observed to be continuously 
agitated in a random fashion. 
The explanation is that with a 
heavy body the impacts of pa! Eye 
individual gas molecules on the 
surface are relatively too small 
Ke displace 7 body appreriably. 
loreover the suriace area 
is so large that the impulses Microscope 
delivered by the numerous 
molecules balance out. When, Smaii hollow 
however, the size of the body Incident | _) glass cube 


is reduced, the impacts of the light 7 
molecules all around it are less “(Eo ) 
likely to be balanced and the 


lighter particle responds more Rubber 
readily to the resultant forces suction bulb 
acting upon it. 

Brownian motion in a 


Fig..4°1 Perales Motion of Smot< 
liquid can be shown by mixing Go 
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very dilute solutions of lead acetate and potassium carbonate in a 
rectangular tank of glass or perspex. When the tank is illumi- 
nated by light and viewed at right angles to the direction - f illumi- 
nation, each crystal platelet shows up as a bright speck when it 
comes into the position of reflection. The twinkling of these 
bright specks indicates that the crystals are being continuously 
agitated in much the same way as the smoke particles. 


The study of the kinetic theory was first approached by apply- 
ing it to matter in the gaseous state which is governed by simple 
and definite laws. Thus, Bernouilli, in 1730, was able to explain, 
for the first time, Boyle’s Law by molecular motions, and for this 
reason he is considered as the father of the Kinetic Theory. From 
the middle of the 19th century, the kinetic theory of gases was 
greatly developed. by Clausius, Maxwell, Boltzmann, Jeans, Vander 
Waals, Lorentz and Rayleigh, covering almost the entire field of 
different phenomena related with gases. Attempts have been made, 
in recent years, to extend the theory to liquid and solid states with 
some success, but the kinetic theory of liquids and solids is much 
more complicated and,hence will not be treated in this book. We 
o., be, ‘therefore, concerned only with the Kinetic Theory of 

ses, 


42 GAS MODEL 


A model helps in explaining and understanding a large body 
of facts, both qualitatively and quantitatively. What should be 
the model of a gas which could explain the familiar laws like 
(i) gas laws (ii) Avogadro’s Law (iii) Graham's Law of diffusion, 
etc, 


The physica! quantities which describe the behaviour of a gas 
are pressure, volume and temperature. Pressure is force per unii 
area, force is proportional to the rate of change of momentum and 
momentum is the mass multiplicd by velocity. The mass of a body 
is the sum of the mass of its constituent particles, molecules or 
atoms. Hence, on simplification, it should be possible to express 
pressure in terms of the number of particles, their mass, their 
velocities and the area of the surface experiencing pressure. 
Volume can be expressed as the product of three lengths, and the 
temperature is expressed directly. So the model of a gas explaining 
its behaviour should include cuantitics, like the mass of particles, 
the number of particles and their velocities, volume and 
temperature. 


43 FUNDAMENTAL ASSUMPTIONS 
The kinetic theory of gases is based o: i i 
cueieas m the following basic 


(Molecules ; Molecules of a gas are considered t igi = 
fectly elastic, solid spheres, identical in all ae ee a. 


form, etc. They are, however, of negligible si i 
Mariuities eek, » Of negligible size as compared with 
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(i) Motion : Molecules are in a state of incessant random motion, 
moving in all directions with all possible velocities. The gas is said 
to be in a state of molecular chaos. 


(iii) Collisions:Malecules in their motion collide with one another 
and with the walls of the containing’, vessel. At each collision 
their velocities are altered in direction and magnitude ; yet in the 
steady state the collisions do not affect the molecular density of 
the gas i.e, the number of molecules per unit volume of the gas 
femains constant. 


(iv)ForcesgThe collisions are perfectly elastic and there are no forces 
of attraction or repulsion between the molecules, which means that 
the energy of the gas is all kinetic. 


(v) Time : The time spent in a colli- By 
sion is negligible as compared with 

that during which the molecules. are 

moving independently. 

(vi) Path.Between collisions the 

molecules move in a straight line 

with uniform velocity. The distance 

between two collisions is called the 

Sree pate of the molecules (Fig. 4:2). 

The average distance travelled by a 


tiolecule between successive colli- '¢Freepath> 
sions is known as the mean free 
path. Fig. 42 


These simplifying assumptions help ts avoid mathematical 
complications and with these postulates the. bulk properties of a 
gas can be explained. They also assure that the model deve- 
loped will be applicable to. all the gases. But, strictly speaking, 
none of these assumptions is true. They only set a limit beyond 
which the model developed is not applicable. For example, the 
model thus developed docs not satisfactorily explain the behaviour 
of liquified gases. 


44 PRESSURE OF A GAS 


Let a gas be contained in a cubical vessel side of L with per- 
fectly elastic walls and let N represent the very large number of 
molecules in the vessel through which they move in a random 
manner (Fig. 4°3(a)]. Imagine a single molecule moving witha 
velocity C. Let its mass be m.. Its velocity can be resolved into 
three components u, y and w in the direction of the edges of the. 
cube along X, Y and Z-axes [Fig. ioe yeh fae hin 

agora! D, 
Cae+r+w! s applied twice) --“) 

If the molecule considered strikes the face ABCD of the 
cube, it will communicate a momentum to the face equal to mu 
since the component of velocity u which is effective, is the one 
uormal to the face. Further since the collision is perfectly clastic, 
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molecule will rebound from the face with the same speed u in the 
opposite direction. The change in momentum as a result of the 
collision is 


mu—(—mu)=2mu 


(a) Molecules in a cubic (6) Velocity com2o- (c) The collision of an ideal 


box moving in a neat of a part'cle gas particle with a wall of the 
random manner inside a cubic box containing cubic box 
Fig. 4°3 


After recoil, molecule travels to the opposite face EFHG, 
collides with it, rebounds and travels back to the face ABCD, after 
covering a distance 2L. The time between the successive collisions 
on face ABCD is obviously given by the equation 


eee a 


or | t= 7 ++ (ii) 


From this we get the number of collisions per second, which 
the molecule makes with ABCD as 


2L x 
Hence the rate of change of momentum=2mu x x 
: mm 
Pye A 


Now, according to Newton’s Second Law, the rate of change 
of momentum=impressed force. If F is the impressed force, then 


Fame .. (iti) 


L 
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Since pressure is defined as force per unit area, the pressure 
exerted by the molecule on the face ABCD will be 


F ome 
[4 Tupse 


Since the vessel contains N molecules, then the pressure 
P, exerted by them on the wall ABCD will be 


P.= Pol est unt tah tnt ] 


m sry 
= 73 Nu 


= Ni w (iv) 


where V=L3 is the volume of the cubical vessel. 


and u -( uy? rua? + ba seater Batnsy tun? ) 


=average value of u? of all the N molecules. 


Similarly, if Py and P, represent the pressures on the faces 
EFBA and FBCH which are perpendicular to the Y- and Z-axes 
respectively, 

n 


Py= + Nv 


“<5 


and P= Nw 
Since the pressure exerted by a gas is the same in all direc- 
tions, the average pressure P of the gas is given by 


PatPy+P: 


P= 3 


Perper iets 
= ay Nit + wa] 


mN = 
or P= VC vo) 
where Ca? + 2+ wt 


and is known as average value of the velocity squared which is given 
by the sum of the squares of its components. 
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If M is the total mass of the gas i.e., M=miN, then 


.(vi) 


Since # =p, the density of the gas; 


| P=jp C2 | wwii) 


Root Mean Square Velocity 


Crms, the square root of C? is called the root mean square 
velocity. It is defined as the square root of the mean of the squares 
of the velocities of individual molecules, which is evidently not same 
as the mean of the velocitics of the different molecules. 


wee (vili 


For example 
(i) In the case of air at N.T.P. 
P=76 x 13°6 x 981 dynes cm~2 
e=0'001293 gm cm? 


e ay TALL EE 
ig 0°001293 


=4°856 x 104 cm s*} 
==0°4856 km s4 
(ii) For Hydrogen at N.T.P. 
p:=0'000089 gm cm™3 
Comma) 3% 18x 136 X96 
So 0°000089 
=184x 104 cm s2 
=1'84 km s1 


The kinetic theory of gases predicts the the velocity of the ait 
molecules to be of the order of 0:5 km s71. This is much higher 
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than the speed at which the smell of a scent appears ‘to spread in a 
room. How do we explain it? The guess is that a molecule under- 
goes multiple collisions back and forth tracing out a Zig-Zsz sath 


Fig. 4°2 and as a result, effective displacement per unit time i: - uch 
less. For example, 2 molecule starting its journey from A; may end 
up at By Fig. 4°2 after several collisions. For example in the case of 
bromine diffusing into air, the bromine gas molecule in travelling 
an effective distance of 0°1 m may have enroute 1018 collisions. 


Relation between Pressure and Kinetic Energy 
Equation (vii) can be put as 
2.1 = 
Saee er hge 


_ Here $pC? represents the mean kinetic energy per unit volume 
(ce) of the gas, so that 


| P=fe | wee (ix) 


Thus the pressure of the gas is numerically equal to two-thirds 
of the mean kinetic energy of translation per unit volume. 


45 INTERPRETATION OF TEMPERATURE 


Let us consider one-gram molecule of gas having volume V 
at absolute temperature T. Let it have N molecules. Then N is 
called the Avogadro number, Let m be the mass of each molecule, 
According to equation (y) derivec. above 


mN zx 
or PV=} mN @ 


3 =}MC2 where M=mN is the molecular 
weight of the gas. 
Using the gas law i.e. perfect gas equation viz ; 
PV=RT where R=Gas constant=8'314 J mole“1K~-1 
we get 3 
}MC2=RT 


Mca > RT 3 +(%) 


Dividing both sides of equation (x) by N, we have 
ee Oe See «.(38) 


But N- =m 
and Fok, Boltzmann’s constant (i.e. value of gas cons- 
tarit for one molecule) and its value is 1°3804 x 10-983 K“4 
Thus equation (xi) becomes 
(xii) 
‘If E represents the total mean kinetic energy of translation 
E=}MC?=}mNC2 
and hence equation (xii) can be written as 
a eset ae 
E=-5 NAT | (ziti) 


or the mean kinetic energy of translation of one molecule will be 


«.. (xiv) 


Relations (x) and (xiv) clearly show that mean kinetic energy 
per molecule of a perfect gas is proportional to its absolute tem- 
sature. Thus the temperature of a gas is a measure of the mean 
Kinetic energy of translational motion per molecule of the gas which 
is referred to as the kinetic interpretation of temperature. When- 
ever a gas gains energy, its temperature rises. If the absolute 
temperature T is zero then C2=0 or C=0. Hence the absolute 
zero of temperature is that temperature at which the molecular trans- 
lational velocities of a gas are reduced to zero. 


46 DEDUCTION OF THE LAWS 


_ By making certain assumptions we have developed the kinetic 
theory of gases which includes quantities like the mass, velocity, 
number, temperature etc. of the molecules. Let us now examine 
how far this theory explains the various laws which describe the 

lour of gases. 


an 
(1) Boyles’ law. According to equation (v) 


or PV=jmN C2 
Since mN, being the mass of the gas, is constant, 
PVC? 


Thus PV is constant if C is constant. Now if the temperature 
of the gas remains constant,the total energy of the gas miolecules 
and hence their kinetic energy is also constant. Since the average 


kinetic energy per molecule of a gas is given by $C, the kinetic 
energy is constant, if C® is constant. Therefore it follows that PV= 
constant provided temperature remains constant which is Boyle's law, 


(2) Charles’ law. (Relationship between V and T at constant 


Accordirig to equation (¥) 
mxN M-a 
P=} aa C=} ye 


M 
or Vv =spc 
Now for a given mass of an enclosed gas at constant pressure 


Vac? 
But the mean square velocity of a gas is proportional to its 
absolute temperature or Cat 
z VaT 


It means that the volume of a given mass of an enclosed. gas at 
constant pressure is proportional to tits absolute temperature which 


is Charles’ law. 
(3) Law of Pressures. (Relationship between P and 1' at cons- 
tant V). 


Again, Pay 2 ny MO 
For a given mass of a gas at constant volume, 
Pac 

But as C2aT, we have: 


PaT 


; 412 
Or'the pressure of 


is proportional to its a 
the law of pressures. 


a'ghén: mass of a gas at constant volume 
solute temperature which is referred to as 


(4) Avogadro's law. It states that ‘equal volumes of all gases 
under similar conditions of temperature and pressure contain the same 
number of molecules. 


Let us consider equal volumes V of two different gases at the 
Same temperature and pressure. Let N. be the number of mole- 
cules each of muss main one gas and ‘No molecules each of mass 


my in the other. Let oy and Ca be the mean square velocities of 
the molecy'«s in the two gases. 


Since the temperature of the two gases is the same, the ave- 
rage kinetic energy of translation per molecule is the same i.e. 


dnC= ym? 
or mC2=mC,* «a.(xv) 
Further, if P is the pressure of each gas, we have 
PV=4rie Ne Ci? 
and also PV=jrmNo Cy? 
meNoGy2=mNiCs? se. (xvi) 
From (xv) and (xvi), we have 


[ nem 


which is Ayogadro’s Law. 


(5) Graham's Law of Diffusion. It states that ‘for any specified - 
temperature and pressure, the rates of diffusion of gases are inversely 
proportional to the square roots of their densities. 


Censider two gases of densities ps and 9 diffusing into eac 
other. When their rates of diffusion Become’ steady, 0 Soe 
exerted by cither gas is the samc. If Carms and Corms are the root 
mean square velocities of the two gases and P the pressure, we have 
(from equation (vii)] 


P=} po Cems 


Similarly Gee Rs JP 


4.13 


ner Core nf ms coo xvh 

Dividing the two, we get reser “3 if) 

Now the rate of diffusion of a 888 into dnother gas is evidently 
Proportional to the average velocity of its molecules, But, as shown 
by Maxwell, the average velocity is proportional to the root mean 
square velocity of the molecules. Therefore, the rate of diffusion of 
a gas is propertingsl to the root mean square velocity of its mole- 
cules. Hence if Rg and Ry are the rates of diffusion of the above 
two gases, we have 


Re = Corms 
Ry Corms 
R. (xvtit) 
oF Po ‘sal 
“Ry Pa en iE 
Thus the rate of diffusion of a gas. is inversely rtional 
the square root of its density which is Graham’s Law of diffusion, 


(6) Dalton’s Law of Partial Pressures, If a number of 
having densities p,, Px Pg...and root mean square velocities Ce 
» Cyrms...are mixed up in the same volume, the resultant pressure 
P, considering each set of molecules is given by 
— _ —_ Pmt CteaGitiaCe +... 
where C,?, C,¥, C,*,...are mean square velocities of the molecules, 


Here it is assumed that the molecules do not interact chemically 
and the whole mass of the mixed is at the same temperature 
and each gas fills the whole volume V of the container, 


Putting Py=$9,C,* ; Pa=dorCy 3 Petey, -~ 
We get | PoP, +P,+P,+... | woot) 


Thus the total pressure exerted by a mixture of gases which do 
not interact chemically is equal to the sum of their partial pressures. 


Proof :— 
Consider Two gases A and B, 
P, and Ps are the partial pressures, 
Total pressure=P 
To prove 
P=Pa+Ps 
Pas} Ms Cit 
Ms a5 
Ps=} vO 


Ba=$MsCa? = Es} MCs? 
Let Ex be the total energy of the mixture 
Exr=4 [MaC,?+-MsCs’] 


4l4 
Er=3/2 RT=3/2 PV 
3/2 PV=4 [MACa#MaCa 
1 CG... Gi 
R= a*F haa +MsCs } 
pap C84 AG 
P=P,+Ps Sarge 
(7) Gas Equation. As derived above, Average Kinetic Energy 
of the molecules (E)=2k TN where k is Boltzmann’s constant and N 
is t? ¢ total number of molecules of the gas. 


Pa 4S 
. ae ee ee 
or PY=tmNC*= = (imNC)="5 B 
Consequently, PYV=NkT 


If one mole of gas is considered. then 
N=N,=Avogadro’s number and hence 


PV=N,.kT=RT 


where Ris universal gas constant and has the value R==8.314 J 
veal K7). If there are # moles of gas present, the gas equation 
may be written 


PV=nRT 
4.1 SPECIFIC HEATS OF A GAS 


RSSSSSSSSS SN MSS GS 
S R= 
N = 
y = 
N 
NY 5 
N a a 
N 
N 
Ni = 
N Hj 
= 


SSS SSS SS 
fos 
Fig, 4.4 
For our very simple modes vf a gas the internal energy is 
simply the total kinetic energy, since there are no interactions at all 


between the molecules. Hence, by the -quation (xiii), we have for 
the internal energy the expression 


Ea NiT=3 RT if there are m moles of a gas. 


Let us now-consider the rise in temperature that occurs when 
& container of gas is heated. To make the situation as general as 
Possible, tet the container be fitted with a movable piston that 
Can slide without friction, as shown in Fig. 4.4. Energy can be 
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communicated to the gas in two distinct ways: mechanical work 
can be done on the gas by moving the piston in or the gas can be: 
heated. The equation governing both of these process is the first 
law of thermodynamics, : 


Q+W=E2—E | where Q is the heat supplied to the 
—— 


system, W is the mechanical work done on the system, Eg—Ey is 
the difference of the internal energy of the system. If the pressure 
outside the piston is taken to be zero, the work done on the gas 
when the piston moves in a small distance Ax is F.Ax=PAAx, 
where A is the cross sectional area of the piston and P is the 
pressure of the gas. The product AAx is the magnitude of the 
change in volume, AV, of the gas. Since the change in the volume 
is negative, corresponding to a comparison, the work done on the 
gasis W=—PAV. This isa positive quantity. The work done 
on the gas would be negative if the change in volume were positive, 
corresponding to an expansion. The first law of thermodynamics 
may be recast in the form i 


(.) W=—PAY) 


The amount of heat required to raise the temperature of 
the gas will depend on the amount of work done. There are 
an infinite number of ways of intermingling- the heat term and the 
work term in the first law to produce the same change in internal 
‘energy and so there are infinite number of specific heats. Twoof — 
these of special simplicity are chosen. ‘The first, where no 
is done at all and so the volume of the gas does not change, is the 
specific heat at constant volume and is given the symbol ce; 
the second, where the pressure of the gas is kept constant by 
allowing it to expand during the transfer of heat, is the specific 
heat at constant pressure and is given the symbol cy. The 
corresponding molar heats are Ce and C, i.e. C»=Mcy and 
Co=M¢cv where M is the molecular weight of the gas. 


Specific heat of a gas at constant volume (Cv) is defined as the 
amount of heat required to raise the temperature of one gm-molecule 
of the gas through 1 K when its volume is kept constant. 


Thus when the gas in the cylinder is heated at constant — 
volume, there is no work term and equation (xx) is simply : 


| QoesEg— Fy =1Co(Ts—T3) | 


4:16 


where Q.=heat supplied to the system at constant volume . 
(T2—Ty)=Rise in temperature of the n moles of gas in the 
der, 


cylin 


Specific heat of a gas at constant Pressure (Cy) is defined as 
the amount of heat required to raise the temperature of one gen- 
moleczle of the gas through 1 K when its pressure is kept constant. 


Thus when the gas in the cylinder is heated at constant pres- 
sure, we assume the same rise of temperature (T2—T)) as in the 
const: st volume case, and so heat Supplied at constant pressure, 
Q=nU("s.—T) by the definition of the molar heat at constant 
Preswure. In this case, since the pressure would rise if the volume 
did not increase by a compensating amount, the piston must be 
allowed. to move outwards. The work term PAV is now simply 
P(Va—V;) since the pressure is constant. (V2—Vj) is the increase 
in volume. So the first law of thermodynamics gives 


I temperatures 
are the same in the two cases, Substituting the value of TEs F) 


nC{Te —T)+P(V2—Vi)=nCfT2—T}) 
But according to perfect 8as equation 


«+. (xxtii) 


PV,=nRT, where R is i i 
1 1 pes 7 gas constant and is measured in 


and PVo=nRT,, 
Ne P(Ve—Vy)=nR(T,—T}) 
Hence equation (xxiii) reduces to 
nC.(T3~T))+ nR(T2~—T))=nC,(T,—T}) 


or Cr-Co=R +e(xxiy) 
Converting work units into heat units, we get 
Cy—C,=(R/J) cal/deg. -.(exv) 


Where J is Joules’ Mechanical equivalent of heat in| 
JOWMeS 10 produce one calorie of heat and ts mies ahaa 


4°18 107 ergsimole K or 4°18 Joules|calorie 


is 
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Since E= st , We get from eq. (xxi) 


By-Ex= > aR (Ty) =nC(Ty Th) 


and consequently for a monoatomic gas 


| Co=3/2R se (exvi) 


From equations (xxiv) and (xxvi), the ratio 


ea . ie 


This ratio is usually denoted by the symbol y. 


And | C= 5/2R | (xxviii) 


for a monoatomic gas, 


From the above discussion it is clear that if a gas is heated 
at constant volume, no work is done against external pressure and 
the heat supplied is spent to cause a rise in temperature i.e. 
increase the internal energy of the gas. But when the gas is heated 
at constant pressure, its volume increases so that heat is required 
not only tq heat the gas through the same temperature, but also 
to work against external. pressure. Thus more heat is required 
when the. gas is heated at'constant pressure than when heated at 
constant volume. This means the specific heat of a gas at cons- 
tant pressure is | eactea| than the specific heat of a gas at constant 
volume by the t al equivalent of the work done by the gas in 
expanding against external pressure. 


48 DEGREES OF FREEDOM 


The number of degrees of freedom of an object is the number 
of facts which must be specified in order to describe completely its 
state or position, For instance, the position of « point in space 
is determined bythe three axes X, Y and Z of the Cartesian 
coordinate Ad a ie., thrée coordinates are required (x, y, z in 
Cartesian ; r, 8, ¢ in polar “pe baer Three is the smallest 
number of coordinates which define the position of the 
Point in space. Similarly two points im space are specified 
by six coordinates (x1, yi, 21) and (Xe, ye, 22). Applying this 
toa dynamical system where a body is in motion, if the body/ 
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18 a point, it.can have at most ‘three degrees of translational Motion. | 
If the body were to be with a finite size and rigid, it can nat only 


required. The degrees of freedom may, therefore, be defined ~ 

as the total number of coordinates required to specify com~— 

_. pletely the Position and configuration of. any dynamical — 
System, 


We have seen above that two points in space are completely 
defined by six coordinates, But if there is some definite relation 
between the two points i.e, 


d= (2—xy)8+('2— y1)2+(z9—2,)2 


5 ‘the’ number of coordinates necessary for a complete descri- 
Ption is reduced by one, so that a system of these two points — 


18 said to have only ge degrees of freedom, the sixth being — 
calculated from the al 


“the elements. Hence if the number of atoms in a molecule of a 
8as is x, the number of degrees of freedom cannot exceed 3x; for 
2 monoatomic gas, x=1. so that its degrees of freedom will be 
3; for a diatomic gas having two atoms at a fixed distance 
apart, the number of degrees of freedom will be 3x2-l=5. 


If we consider a diatomic molecule such as oxygen, it has 
a dumb-bell configuration as Shown in Fig, 4:5 and can have 


Fig. 45 A diatomic molecule, showing Possible relations, 
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other motions besides simple translation. Thus it can rotate 
about any of three perpendicular axes through the centre of the 
molecule, one axis being aligned with, and the other two being 
perpendicular to, the line of centres OO’. The moment of inertia 
about this line of centres is so small that this particular rotation 
is ineffective, so we are left with two possible rotations or two 
extra degrees of freedom and hence inall 5 degrees of freedom 
(three translational and two rotational). 


For a triatomic gas, we may have two different arrangements 
of the atoms ‘either a central atom with the two others placed on 
either side of it or the three atoms at the apices of a triangle. 
The number of degrees of. freedom in the first case is equal to 
(3X3—2) or 7, and in the second case (3 x 3—3) or 6. 


In this manner one may calculate the number of degrees of 
freedom of any polyatomic molecule ; the number of degrees of 
freedom will increase, in general, with the complexity, unless other 
factors interfere. For example, the atoms in a diatomic mole- 
cule may also vibrate along the line joining them, thus, having, one 
more degree of freedom corresponding to vibratory motion only 
when temperature is’ very high. In this situation the diatomic’ 
molecule cometo-have six degreesof freedom—three corresponding 
to motion of translation, two due to motion of rotation and one 
due to vibratory motion. 

49 LAW OF EQUIPARTITION OF ENERGY 


All relations involving the molar heats of a gas can be 
checked by experiment. It is found that the noble gases such as 
argon, helium, neon, krypton (monoatomic: gases) fit the simple 

t -ry well indeed at all temperatures i.e., y=Co/Co=5/3 = 1°67 
which is in excellent agreement. with the experimental values ; but 
that other gases give very different results for the inolar heats at 
high temperatures. Thus for oxygen at room temperatures, 
Co=2'54 R instead of the theoretical value 1°5 R and y=1°39 
rather than 1°67 as the above theory predicts. In other words, our 
simple model has broken down, In order to predict the ratio of 
specific heats for diatomic gases a further principle has to be 
used, namely the faw of the equipartition of energy due to 
Maxwell. 

As derived in the previous section, the average kinetic energy — 
per molecule of a gas is given bv. 

1/2 mC2=3/2 kT [see equation (xii)] 


where m is the mass of the molecule, Com=VC, the root mean 
square velocity, k the Boltzmann’s constant and T is the absolute. 
temperature Of the gas. In deriving this relationship, the molecules 
were assumed to be mere point masses having no dimensions. In 
such cases, each molecule has only three degrees of freedom 
corresponding to its translatory motion. Hence the - energy , 
associated wit three degrees of freedom namely 
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$m(u?+-2+4 02)=3/2 kT. Since the density of the gas throughout 
its volume in the vessel is the Same and the molecule has no 
preference to move along any particular direction, the average 
kinetic energy of the moiecule along each of the three axes must 
be the same i.e., nut —1my*=4me%, Hence the average kinetic 
energy per degree of freedom per molecule=} X3/2KT=3kT. 


_. This average kinetic energy is associated with each degree of 
freedom and holds good whether the degree of freedom are 


due to the motion of translation or rotation or vibration. 


This result is known as Law of equipartition of Energy and is 
stated as follows : 


“For any dynamical system in thermal equilibrium the total 
energy is divided equally among all the degrees of freedom and the 


energy. associated with one molecule -per degree freedom =3kT and 
hence a-constant.” 


The'mean kinetic energy per gram molecule per degree of 
freedom=} kT xN=4RT where N is Avogadro’s number and R 
the gas constant for a gram molecule. 


Now if we consider a diatomic molecule which has five 
degrees of freedom, the kinetic energy associated with it according 
to law of equipartition of energy will be § KT with each molecule 
which leads to the value 2°5R for the molar heat at constant 
volme, in good agreement with the experimental result and 

Cs 
yo 


G 5 =14 which again is in excellent agreement with the 
experimental values for oxygen and hydrogen. 


velocity and so on because not all the molecules will be travelling 
with the same speed ; since. collisions among them would soon 
destroy that equality. Besides this, the moder will be applicable 
only to perfect gases. The model therefore needs improvement 


Example 4°1. If three molecules 
2 kms~! respectively, calculate the relati 
speed and the average speed. 


Solution. 


Since root mean square velocity is the square root of the mean 
Of the squares of the velocities of individual molecules 


have velocities 0°5, land 
on of the root mean square 


c 
t 


(05P-+02+2)? 
Crms= F| SET Le ea 


=132 kms? 


Average Velocity C = ostit? =1'17 kms~1 


Cems 1°32 33 

Toni Buu 

Example 42, (a) Calculate (i) root mean square speed and 

(ii) the mean Kinetic Energy of one gram molecule of hydrogen at 
STP (given that the density of hydrogen is 0°09 kg m7), 


(6) Given that the mass of a molecule of hydrogen is 
3°34 x 10-27 kg, calculate Avogadro’s number. 


(c) Calculate Boltzmann’s constant. 
Solution. 
(@) ¥) Since P=$p C2 
CiintO: =, Pe 
e 


=f 3X 0°76 13'6xX10°x9'8 


0:09 
=1838 ms“! 
=1'838 kms"? 
(i) Kinetic Energy=} m Ca 
} ow, Gram molecule of hydrogen, m=2°016 g. 


=0'002016 kg 
Kinetic Energy =} x 0002016 x (1838)? 
=3386 joules. [° C2=(Crms)?] 


(6) Mass of one molecule of hydrogen=3'34 x 10°27 kg 
Gram molecule of hydrogen=0'002016 kg 


Number of molecules in 1 gm molecule of hydrogen 
0002016 
“3°34 X 10-9? 
=6'04 x 1083 motecules 


_ or Avogadro’s Number (N)=6'04 x 10% 


4°22 


(c) Gas constant, R=8:3.} mole“? K~1 : 
Avogadro’s number (N)=6°04 x 1038 


,, R 83 = 
Boltzmann’s constant kay 604x103 
=1°37 x 10-23 J mole-1K-1 
Example 4'3, Using the ideal 


8as equation, determine the BS 
value of R (one gm molecule. of a gas at S.T.P. occupies 29:4 
litres), 
Solution. 
Since PV=RT 
PV 
bss R= 


276 x (136 x eal aL X(22'4 x 10-3) 
=8'269 J moles] K-1 


Example 4°4. Calculate C, Ys fog OR} 
=8°3 joules /mole/ K). Loe 


_ Solution. 


for Argon (given R 


‘The mean kinetic energy per gm molecule per degree of 
freedom=4RT ; 


Since Argon gas is monoatomic and it has three degrees of 
freedom 


‘Mean kinetic energy Per gm-molecule ui: argon =F RI 


Since heat has been ‘defined as the K.E. of 


the Vibrating 
molecules of the body, the amount of heat required to faise the 
temperature of 1 gm-molecule of gas through 1 K keeping its 
volume constant 


CHR (T+1)= SRT (i.e. change in internal cnergy) 


3 
or G=7k 
+ xpressed in heat units, 
SOR? 3E RRS 
Ong oro ee 


where s=4°18 J cal}, Joule’s Mechanical equivalent of heat. 
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=2°98 cal mole-1 K-1 
R 3R,R. 
Now Gat 5-5 545 == R 


cle at) ; Ree 
= 7 Fis =4°96 cal mole-? K1 


Example 4°5. One mole of helium at 300 K is mixed with 


three moles of oxygen at 400 K. If the mixin 

‘ : takes pl 
constant pressure, and if there is no nce or heat ith the 
. environment, calculate the fina! temperature, 


Solution. 


Since the molar heats of monoatomic'and diatomic gases at- 


constant pressure are 5R 


TR i 
> and > respectively, 


we have, j x= Rx(T—300)=3x 4 Rx(400—T) 
or 26T=9900 K 
_ T=381 K 

SUMMARY 


i, In this chapter we have seen how atomic and molecular hypotheses have led 


to the kinetic theory of gases, which in turn explains a wide range of 
phenomena, especially in the field of heat. 


. In particular, it has shown that heat itself isa manifestation of kinetic 


energy of molecules. 


. Accerding to Boyles’ Law, the product of the pressure and volume of a gas 


is constant at constant temperature. According te Charles’ Law, the volume 
ofa grs is, directly proportional tothe absolute temperature at constant 


pressun:. 


4. A ‘mol’ of gas always contains the same number of molecules, 


. The geseral gas law states that the product of pressure and volunte of any 


gas diveded by the product of the sumber of moles and the absolute tempera- 
ture is constant for all temperatures (i aah well above the lique- 
faction temperature. 


6. The concept of the ideal gas explains macroscopic characteristics of gases in 


micros: opic terms. 


hae of molecules or atoms in a gas are distributed in characteristic 
jon. 


. Whenever gases are mixed, each one exerts a pressure in the mixture equal 


to that it would produce if the amount in the mixture were present alone in 
the container. 


40. 
11, 


12. 


13. 


QUESTIONS 


. Describe kinetic theory of matter. How is it able to explain 


the phenomenon of (i) Evaporation (ii) Brownian Move- 
ment. 


. Evaporation is said to be a cooling process, that is, the liquid , 


remaining is cooler. Explain in terms of molecular motion. 


» How does the kinetic theory explain the fact that gases 


exert pressure on all surfaces with which they come into 
contact ? [A.L.S.S.C. 986] 


. State the Basic assumptions of the kinetic theory of gases and 


derive an expression for the pressure exerted by an ideal gas 
on the basis of the Kinetic Theory. 

What effect do elastic collisions between gas molecules have 
upon our derivation of the gas law ? 


. When air in a bicycle pump is compressed, it heats. Why? 
. A container of gas is placed into a ‘gravity free’ place in 


other space. Since the molecules of the gas exert a pressure 
and hence a force on the walls, why does not the container 
accelerate steadily ? 


. What is the interpretation of temperature according to the 


kinetic theory of gases ? 


. Derive the following gas laws for an ideal &as on the basis of 


the kinetic theory of gases : 

(a) Boyles’ Law 

(6) Charles’ Law 

(c) Law of Pressures 

(4d) Avogadro’s Law 

(e) Graham’s Law of Diffusion 

(f) Dalton's Law of Partial Pressures. 

Deduce an ideal gas equation on the basis of the kinetic 
theory of gases. 

‘Briefly explain why there is Practically no atmosphere on the 
sutface of the moon ? 


“The Brownian motion of a colloidal particle is due to the 
inequality of the impact of the surrounding molecules of the 
medium.’’ Explain, 


Explain what do you mean by degrees of fri m. Discus: 
the degrees of freedom of oo = = 


(i) monoatomic gas, and 
(fi) a diatomic gas 
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14, State and discuss the Law of Equipartition of Energy due to 
Maxwell. 


15. Define specific heat of a substance. Explain why a gas may . 


have a large range of specific heats. Under what conditions 
the specific heat of a gas is (i) zero (ji) infinity. © : 


16. Define molar specific heats of a gas and derive the relation. 


o-c=* where the symbols have their usual 


meanings. 


17, Explain why the specific heat of a gas at constant pressure is 
greater than the specific heat of a gas at constant volume ? 


etal 


PROBLEMS - 


1. Calculate the root mean square velocity of nitrogen mole- 


cules atST.P. The atomic weignt of nitrogen is 14 and the >. 


molecule 1s diatomic. : ; 4 
{Ams : 4°9.x:]02 ms 4} 


2. Calculate the root mean square velocity of helium molecules 


at a temperature of —50°C. The atomic weight of helium.is ¢ - 


4 and it is monoatomic. aig : 
' > {Ans : 11°7 x10" msi4] 
3. At what temperature would argon have to be raised so that 
the molecules would have same root mean square velocity as 
nitrogen molecules at 0°C? Argon is monoatomic and ts 
atomic mass is 40. The atomic weight of nitrogen ‘is 14 and 
the molecule is diatomic. (Ans :117°C] 
4. If the root mean square speed of hydrogen molecules ‘ar‘0"C 
is 1840 ms~}, what is the r.m.s. speed at 100°C ? 
{Ans 3,2150°96 ms} 
5. Acontainer of volume 10 Jitres holds a gas at a pressure of 
2 atm, Calculate the total kinetic energy of all the particles 
of the gas. 
[Ans : 3038'78 J] 
6. If the rms. speed of the molecules of a gas is 400 ms~ when 
the pressure is 700 mm of Hg, what is the density of the 
gas ? ff 
{Ans : 1°74 kg m~3} 
7. Calculate the total translational kinetic energy of 3 mol of 
an ideal gas at 227°C. 
(Ams : 1°87x 104 J] 


ic gas at 300°C are mixed with 1 
°C. Calculate the final temspera- 
the miaing takes phice at 


8. Two moles of a monoatom 
mole of a diatomic gas at 100 
ture of the mixture, assuming that 


4°26 


11. 


12. 


13, 


14, 


constant volume and that there is no exchange of heat with 
the environment. 
[Ans ; 209°C] 


A Vessel contains }2 8 of methane (CH,) and 55 g of carbon 
dioxide (CO,) under a total Pressure of 2 atm. and at a tem- 


Perature of 27°C. What are the Partial. pressures of the two. 


gases and what is the volume of the vessel? Take atomic 
masses of H, C and O as 1, 12 and 16, 


[Ans : 0°75 atm ; 1:25 atm ; 25 litre] 


molecule of gas. 


. Calculate the value of the universal gas constant for one gmn- 


[Ans : 8°31 J mole kK) 

Calculate the value of tne gas. constant for one gram of 
oxygen ; 22°4 litres of oxygen at N.T P. weigh 32 g, 

{Ans :.26x10-* J/g /K ] 

Calculate the specific heat at constant volume for air, given 


that C,=0°23, density of air at 27°C and standard pressure of 
atmosphere=1'18 g / c.c, J=4:2 IJ/calorie. 


[Ans : 0162) 


Under normal conditions the average distance a hydrogen 
Molecule travels between collisions is 1°83 10-9 km ‘ind the 
Speed uf the molecule is 1°830 kms—, Calculate the time bet- 
ween collisions and the frequency of the collisions, « : 


[Ans : 10-25 and 102° collisions sl] 


Find the root mean square speed of argon molecule at 60°C, 
given that the rms speed of oxygen molecule js 920 ms“! at 
1092 K. Molecular weights of oxygen and argon are 32 and 40 
respectively, 

[A.L.S.5.C, 1986] 


[ Hints : cing =Rr [Ans. : 454:44 ms] 


Unit 5 
THERMODYNAMICS 


5.1 INTRODUCTION 


Energy may exist in different forms of which hec: is one, Like 
all other forms of energy, heatenergycan also be converted intoother 
forms of energy. Literally, thermodynamics should mean a branch 
of Physics dealing with the inter-relations of heat and mechanical 
energy. It has been seen, however, that it bears a much wider scope. 
The principles ‘of thermodynamics have been successfully applied 
not only to all branches of Physics but also to branches of Chemistry 
like chemical equilibria, electrochemistry etc. 


Applied thermodynamics or technical thermodynamics means 
those principles of heat and mechanical energy which have been 
applied to technical uses. In the present day world it embraces 
a huge field of learning. Ofthe multifarious technical applications 
of thermodynamics heat engines such as. steam engines, steam 
turbines, interoal combustion engines etc., stand out more prominently 
than others. In these engines heat energy is employed to develop 
mechanical-energy.. The reverse of the heat engine is a refrigerating 
machine, In the frigidaire type, otherwise called the mechanical type 
of refrigerators, heat is transferred from a body at low temperatures 
to surroundings which are at higher temperatures by the expenditure 
of mechanical energy. That is, it is a heat pump. Obviously, both 
these types of machines concern with transformation of heat energy 
ard mechanical energy and as such belong to the study: of applied 
thermodynamics, ‘ : 

The different phenomena in which heat plays a role may be 
studizd under the two heads: energy relations and the manner of 
energy transformations. The first law of thermodynamics and the 
second law of thermodynamics are the two important laws which 
apply respectively to these investigations. 


5.2. CONCEPT OF TEMPERATURE (ZEROTH LAW AND 

THERMAL EQUILIBRIUM) 

In common language we understand what we mean by low and 
high temperatures. [ee 13 cold and steam is hot. We say steam is 
at a higher temperature than ice. By using the sensation of touch, 
we can compare two temperatures qualitatively. But this method 
can prove deceptive sometimes, The response of our seuses depends 


(5.1) 
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upon theit previous state. Another drawback is that qualitative 
analysis does not kelp vs much. We hive to answer “how much’ ? 
The, cfore, we need some operat cia! definition of feniperature 


Fig. 5.1 Thermal contact between two systems 


Let us take two bodies A and B, as in Fig, (5.1). To simplify our 
discussion we can take two gases. Let us bring them into therma! con- 
tact with the help of a diathermic wall. If A is hotter than B then, 
Pressure remaining constant, the-volume of A will decrease and the 
volume of B will increase ; thus changing the thermodynamic coordi- 
nates of both the systems A and B. We may say that the two systems 
are not in ‘thermal equilibrium’. After sometime, the volumes cease 
to change with time, and the systems achieve thermal equilibrium, 
We say that now both the systems are at the same temperature, 
Thus temperature is the property which tells us whether @system will 
be in thermal equilitrium with another system or not when brought into 
contact through a diathermic wail. If the thermodynamic coordinates 
(say pressure and volume in the case of Bases) of two bodies after 
thermal contact remain the same as they were before this, we say 
thé two bodies were at the same temperature. 


It is also onr experience chat if two systems A and B in thermal 
equi:ibrium with another system C (say a thermometer) Separately 
are brought into contact by a diathermic wall, their coordinates 
will not change. This means they (i.c., A and B) will also be in 
thermal equilibrium with each other. This experimental law is 
often known 2 Zeroth Law of Thern:odynamics ind may be stated. 


“If two bodies A and B are each separately in 
equilibrium with body C, then A and B. cre 
with each other.” 


thermal 
in thermal equilibrium 


This law is the basis of the existence of the concept of tempera- 
ture, The flaw sivs that there exists a useful quantity called 
‘temperature’ and if i: was net true. taking thermometer readings 
would be a pointizss exorcise. 3 


5.3. HEAT ENERGY 


If the law of copsersauor 61 
thing’ icalled heat? which is <h dies at uncqual 
temperatures is also energy For instance if wc ‘Do oa het qron 
bail in a vessel containing wld wae: the water. ms up iil the 


BY is to hold 2cod, then ‘some- 


thet ween 
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temperature of the two becomes the same. This change in temper- 
ature is dus to the fact that energy flows from the hot body to cold 
body. This flaw of enerzy fram cne body to the other, which takes 
place by virtue of their temperature difference alone, is called heat 
energy or heat.” The hot iron ball and the cold water, if considered 
separately, do not have any heat energy though they do have 
energy Heat energy becomes evident only when energy flows from 
one to the other. When the two attain a commor + mperature, 
the quantity of heat enerzy transferred will be zero and the two 
systems will be in thermal equilibrium, An adiabatic Process is 
one in which there is no transfer of heat energy. 


Conventionally, the quantity of heat energy transferred to 
a body is said to be positive (+Q), and that transferred from a body 
is said to be negative ( --Q). 


In the early eighteenth century heat was called ‘caloric fluid’, 
People used to measure heat in terms of an arbitrary unit known as 
Calorie, It is usually defined as the amount of heat needed to raise 
the temperature of I g of water through (°C ie., from 14°5 to 15°5°C. 
It was further believed that the caloric fluid is conserved i.e., the loss 
in the caloric fluid of the hotter body is equal to the gain in the 
caloric fluid of the colder body. This concept can be easily disproved, 
Ifa girder is cut with a saw and water is continuously poured at 
the place of cutting to kezp it cool, the water continuously gains in 
the caloric fluid while the girder remains in the same state. One can 
conjecture that the continuous dissipation of work done on the saw 
may be directly responsible for heating. It was shown by Rumford 
and Joule that heat is a fora of energy. It should bz measured 
in the same unit as that of energy. It has recently been internation- 
ally agreed to express all energy changes in the energy unit, the 
JOULE (J). A joule is defined as the work done when a force of 
One newton acts through one metre. It is found that 


1 calorie=4°18 joules | 


5.4 WORK DONE 


Frictioniess piston 
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Consider a mass of gas enclosed in a cylinder by a frictionless 
piston of cross-section area A which is in equilibrium under the 
action of an external force F acting to the left and a force due to_ the 
pressure P of the gas acting to the right (Fig 5.2). We have 

F=P.A, 
Let the gas expand quasi-statically. By the term quasi-static we mean 
that the eas should change its state so slowly that the temperature 
throughout ‘he gas should remain uniform. This is because we are 
assigning ce temperature to the whole system. Let the piston 
move ovtwar's through a «mal! distance 8x which is so small that 
P remains practically constant during the expansion ‘he externa) 
work done $w by the gas ageinst F wiil be 

? SW=F, 3x 

=P, A. 3x 

=P, 8V 
where 8V (© A 8x) is the increase in the volume of the gas. The work 
dene by the gas in this small expansion equals its pressure multiplied 
by the increase of volume. 

The total work donc-W by the gas ina finite expansion from 
V, to Vo is given by 


Ne 
W=fdW= f PdV 
i 
_ To evaluate this integral and obtain a value for W requires the 
telation between P and V to be known. If P is constant during the 
expansion from V, to Ve, then 
W=P(V2-V,) 
is this work done a positive or a negative quantity? In 
mechanics work done on a system is taken as positive, while here it 
is just the opposite i.e., work done by a system is taken to be positive. 
Here, We concentrate on the forces exerted by the “system on the 
surroundings. Thus in the case we have discussed just now, force 
and displacement are in the same direction and, hence, work is done 
by the system, and it is taken as positive. 
When a gas is ccmpressed, work is done on it and is also 
Va 
gon ty [ PdV. In chis case the work is.done on-the system and 


POV enue y it will be negative. 
Exampl: $.1: 5 : 

On mole of an ideal gas is heated. from 273 K to 546 K at 
constant pressure of 1 atmesphere. Compute the work done by the 
84s in the process. 

—'N gystem means an object or a group of objects under consideration. 
fr updings means everything external to the system. 


: 
} 
| 


+" 


55° 
Solution : 


Initial volume of the gas V,=22°4 litres, Final volume can be 
obtained by using the gas equation 


P, V; —_P2 Vs 
ye See 
w= ti Nas Te 
or Ve 3 Pad 
Here T,=273K. 
Te= 546K 
P=P,=P2=1 atmosphere 
=76 x 13°6x 980 : 


=1°013 x 10* dynes cm-* 
Vas 1 atm x 22'4 litres x 546 
* T atmx27 
=44°8 litres 


Ve 
Work done=W = S PdV=P(V2—V,) 


1 
= 1.013 x 10°(44°8—22-4)x 108 ergs 
ew 1.013 x 10° x 22.4 1 
418 x 10 
=542'8 cal. 
+ve sign indicates that the work is done by the system, 
5.5 INDICATOR DIAGRAM 


Indicator diagram is a graph showing how the pressure P of a 
gas varies with its volume V during a change. ¢ work done in 
any particular case can be derived from it, : 


In Fig 5.3 (a) if the pressure P=AB at the start of a very small 
expansion 8y=BC, the work done P 8vis represented to a good 


Net work done by gas 
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‘approximation by the area of the shaded strip ABCD. The total 
_ Work done by the gas in a large expansion from V, to Ve is there- 
- fore the sum of the areas of all such Strips, that is, area 
‘P,PeV2V, and clearly depends on the shape of the P-V graph. If the 
graph had represented a compression of the gas from V2 to V,, the 
work done on it would be represented by the same area. When the 
gas suffers changes which eventually return it to its initial state, it is, 
said to have undergone a cycle of operations and the indicator 
diagram is a closed loop like that in Fig 5.3(b). The net work done 
by tht gas in this case is Tepresented by the shaded area. 


The indicator diagram is useful in calculating the work done in 
the process of expansion or compression of a gas where the relation- 
ship between P and V is not known. It plays a very important role 
in the theory of a heat engine. 


5.6 WORK AND HEAT 


The exact relation that existed between mechanical work done 
and the amount of heat produced was found by Dr. Joule of 
Manchester in 1848. He found that if a certain amount of work is 

. wholly converted into heat then the heat produced, H, is directly 
Proportional to the work done, W, i.e., 


_ where J. isa constant of Proportionality and is: known as Joule’s 
mechanical equivalent of heat. It is defined as the amount of work 
done for Producing unit quantity of heat. : 


In ST units work W is in joules and heat H 1s in kilocalories 
(heat needed to raise one kg of water from 14°5° to 155°C). Thus 
unis of J will be joules/k cal. The value of J is 4184 joules/k cal, 
or 4°184 J/cal. Now-a-days the units used for toth H and W are 
the same Ze. joules. In such a case, J reduces to unity. 


other than due to temperature difference. Similarly, the concept of 


j iso involy s , ; 
Neat aiss involves tecnsfer of energy due to difference in temperature, - 


BATES Lh tia lt 


a 


3] 


: The original method used by Dr. Joule to determine the rela- 
tion between heat and work is as follows : 


7] 


Be Me esalasssehT tele 


NOODLE 


Fig. 5.4 


The apparatus consists essentially of a copper calorimeter C to 
the sides of which are soldered the vanes V. The calorimeter is 
ae with a water tight lid through the centre of which is intro- 

uced a spindle S which carries a paddle wheel having a set of 
paddies, The paddles can rotate in between the corresponding open- 
ings in the fixed vanes. The vanes prevent the rotation of water 
moving along with the revolving paddles. The spindle is attached 
by a removable pin P to the drum D. 


Two cords are wounded round the drum in the same direction in 
such a way that they leave the cylinder at the opposite extremities of 
a diameter. These cords pass over frictionless pulleys A and B and to 
the free ends are attached two equal loads W, W. The vertical scales 
$,, Sg help to measure the heights through which the loads are allow- 
ed to fall. A sensitive thermometer T is pliced as shown to read the 
rise in temperature. The whole arrangement is weil insulated to 
avoid radiation of heat. 


The calorimeter contains a known weight of water whose tempe- 
rature is read bya very sensitive thermometer. When the weights 
are allowed to fall the spindle turns and the paddles produce a charn- 
ing motion of the water inside the calorimeter. The potential energy 
of the weights is converted into the kinetic energy of water. The 
motion of water is prevented by vanes and thus the kinetic energy 
of water is converted into heat energy. Just as the weights are about 
to reach the ground the drum is quickly detached by memoving the 
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. pin P and the weights are raised to their previous positions. The pin 
1s replaced and the weights are allowed to fall as before. The Opera- 
tion is repcated several times and the final temperature of water in 
the calorimeter is carefully recorded in the end. 


Let the water equivalent of the calorimeter and its contents be 
W and the rise in temperature of water be 9°C, then 


Heat produced H=W x @¢ calories 
Mas: of each of the weights =M kg 
Height through which the weights fall= h metre 


Let nm be the number of times that these weights ‘descend, 
then 


The total work performed W = 2Mghxn 
Assuming that no heat is lost by radiation and other causes, 
W 2Mghn 


the mechanical equivalent of heat J= Ss id joules/calorie 


we 
The value of J obtained by Joule was 47185 joules/calorie 


Sources of error: (i) Loss of heat due to radiation : The tempe- 
mature during the experiment rises 3 hence a part of heat is lost due to 
Radiation. A correction, therefore, must be applied to the final tempe- 
Tature of the contents of the calorimeter. This correction may be 
determined by noting the fall of temperature in half of the time dur- 


ing which the experiment was performed and then adding this to the 
final temperature. : 


(ii) Loss of energy due to friction of pulleys: Part of the work 
done is utilized in overcoming the friction between the various parts 
and due to the friction at the pulleys outside the calorimeter. This 
correction is applied by noting the amount of work required to run 
the paddle wheel when there is no liquid inside the calorimeter. 


(tii) The Kinetic Energy of the Salling weights: When the weights 
fall the potential energy is converted into kinetic energy of water 
which is utilized in raising the temperature. Also part of the energy is 
converted into the kinetic energy of the weight which acquire a certain 
vow in falling to the ground. Hence this correction must be 

plied, 


If V ms-? is the velocity of each weight just before it reaches 
the ground, then the kinetic energy attained by the weights before 
striking the ground = 2x }MV?=MV? joules, 


Hence net potential energy utilised in rotating th ddles i h 
fall. (Mca iN) ig the paddles in eac! 
The work done in n falls 
W=(2Mgh—MV?)xn joules. 
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Example 5.2: 


Water at Bhakra Dam falls through a height of 200 m. Assuming 
that all the energy due to fall is converted into heat and is retained 
by the falling water, find the rise in temperature. 


Solution : 


Let M kg be the mass of water falling then 
work done by the falling water W=Mgh 
=MxX 9.8 x 200 J 


If @ is the rise of temperature, then 
Heat produced H = Mé kilccal 
= 1000 Moé cal 


j Ww 
But H=—- 


ron0me== —Mx9'8%200_ 


3.7, INTERNAL ENERGY 


A body always has certain amount of energy within itself. We 
call this energy as the internal energy. It is usually represented by 
the symbol U. In general, the internal energy of a gas or a liquid or 
a solid consists of two components : 


(i) Kinetic energy due to the translational, rotational or 
vibrational motion of the molecules, all of which depend 
only on the temperature. (In a monoatomic gas there 
is only translational motion) 


(ii) Potential energy due to the intermolecular forces; this 
depends on the separation of the molecules i.e., the 
volume. 


In an ideal gas only the kinetic component is present (why ?) 
and the kinetic theory shows that the translational part of it equals 
RT per mole. For rea! gases, both components are present with 
the kinetic form predominating end their internal energy depends on 
the temperature and the volume of the gas. In a solid kinetic 
energy and potential energy are present in roughly equal 
amounts. 


When a thermodynamic system changes from one state to an- 
other, its internal energy also changes. The changes in the internal 
energy when the system changes from one state to another depends 
only on the initial and final states of the system. For instance consi- 
der a enclosed in a cyJinder with a moving piston, Let the piston 
be'pushed by doing some work. The gas gete compressed and its 


3.10 


temperature rises. If the walls of the system are thermally insulated 
no heat will be transferred i.c., the Process will be adiabatic. In this 
Process the mechanical work done on the system increases the inter- 
mal energy of the system from U, to Us such that 


—W=U2—U, where W= work done on the system. 


Tn conclusion, therefore, we can say that each definite state of 
@ body corresponds to a fixe: value of che internal energy. An isola- 
ted body has a constant. internal energy. <a change in the internal 
energy can occur only if any transfer of enengy between the body and 


its surroundings is allowed. This can take pace by (a) performance 
of work, (4) by heat transfer, 


5.8 FIRST LAW OF THERMODYNAMICS 


Let us consider a System consisting of a gas enclosed in a cylin- 
der fitted with a movable piston. Let all the walls of the cylinder 


to the gas, it causes (i) a rise in te! 
ment of the piston. Rise in temp 
of the heat energy has been conve 


If 8Q is the heat supplied to the mass of gas and if 3W is the 
external work done by it then the increase of internal energy 8U 
equals (8Q— 8W) if energy is conserved. Hence ° 


5Q=8U+3W (5-1) 


If 8Q is infinitesimally small, so are 3U and 3W. In 
tion (5-1) may be mathematically written as 
oes eat BET, 


Such a case equta- 


| dQ=dU+aw wa(5-2) 


This equation is taken as the firs’ law of. Thermodynamics, 't 
can be stated in words as f Movs 


“Tf heist is supplied to a syste i whieh is capable of doing work, 
then the quantity of heat absorbed by tite spstesn will be equal to the 
sum of the increase 1 the internal energy of bie system and the exteraal 
work done by it.” 


Here dQ is taken «is Positive if heat is supplied to the gas and 
ne: ative if heat is cransferred from it. dW is positive when external 


Work is done by the gas (expansion) .ind negative if work is done on 
it (compression), 2 


It must be noted that 


a ES ate t 
(a) the first law of Thermodynamics is not a separate Jaw bul 
is @ special case of the general law known as the Universal 
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Law of Conservation of Energy. It may be called the law 
of conservation of energy applied to the case of the mutual 
transformation of heat energy and mechanical energy. 


(6) The first law of Thermodynamics applies to all states of 
matter, solid, liquid. and gas. 


(c) dU may be any type of internal energy (translational, 
rotational K.E.; Binding energy) stored in the system and 
dW may be anv type of work done by the system. 


(d) dU isa characteristic of a system whereas dQ and dW 
depend on the manner in which the system is changed 
from one state to another and hence they are not the 
characteristic of the state of the system. 


It may be interesting to point out that through the Zeroth Law 
of Thermodynamics we have introduced a thermodynamic quantity 
called temperature, and through this (first) law of thermodynamics we 
have brought out the existence of a thermodynamic function internal 
energy. 


59. APPLICATIONS OF THE FIRST LAW OF THERMO- 
DYNAMICS 


1, Latent Heat : 


When the temperature of a body (solid or liquid) ‘is steadily 
raised, the body may suddenly change from solid to liquid state 
( fusior) or from liquid to gaseous state (evaporation). In such dis- 
contin@Jus changes the energy also changes discontinuously. This is 
the phenomena of Latent heat. 


Let us consider a boiling process. We know that on adding 
heat a substance changes its phase from liquid to vapour at constant 
temperature and pressure. if V, is the volume of the liquid and V2 
be the volume of the vapour, then work done (dW) in expanding 
from V, to V2 at constant temperature and pressure P will be 
given by 

dW=P(Vo—V,) 


Let the Latent heat of vaporization be L. It represents the heat 
needed per unit mass to change from liquid to vapour at constant 
Pressure and temperature. The heat absorbed (dQ) by the liquid 
during boiling process wil’ be given bs 

dQ=mL where m is the mass of the substance undergoing 
phase change, : 

By applying first lasy of thermodynamics to the process, we get 


dQ=dU+ew 


t 2 : igh j 
o:| mL =(Us—U)+PV2—V,) | 
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where U, is the internal energy in the liquid phase and Use is the 
internal energy in the vapour phase. 


_ Thus knowing m, L, P, V, and Vg, we can easily calculate gain 
in internal energy GU=(U> --U,). 

Similarly, we can apply the first law of thermodynamics to 
obtain an expression for the change in the internal energy during 
the melting process. Often during melting a substance does negligible 
work on its surroundings as the change in volume is usually very 
small. Thus 

dQ=dU (. dW=0) 


or mL = dU 


2. Two specific heats of a gas : 

We have already discussed this in the UNIT-4 on kinetic theory 
of gases ; but we will now see how the relation Cp-Cy=R can be 
obtained by applying first law of thermodynamics. 


Consider one mole of an ideal gas. If its temperature is 
raised by an amount dT at constant volume then the heat transferred 


is C, dT where C, is the molar specific heat at constant volume. 
Since there is ro change in its volume the work done in the process 


will be zero. 
By applying the first law of Thermodynamics 
, dQ=dU+dW, we have 


| Cc. dT=dU +--(i) 


( +: dW=PdV=0) 


_Now, let the gas be heated at constant pressure P. The heat 
required to change its temperature by the same amount dT will now 
be Cy dT where Cp is the molar specific heat at constant pressure. 
The work done in the expansion will be P.dV where dV is the change 
in volume of the gas. By applying the first law, we have 


epdleae SES 


CsdT = dU + PdV | ; .+- (ii) 


Let us assume that the change in. the internal energy (dU) of an ideal 
gas is entirely due to changein its kinetic energy and since 
change in kinetic energy of an ideal gas dep_nds only on the change 
jn the temperature {Kin-tic Theary of Gases) so change in tempera- 
ture dT remaining the same, the change in internal energy dU wiil 
also be the sam> in both the cases. 


Subtracting (i) from (ii) 
CodT—C, dT=PdV _. GiB) 
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Since for an ideal gas 


PV=RT (by 
Differentiating’both sides of eq. (iv) we hay : 
PdV=RdT 0) 
From (iii) and (v) we have 
CodT—C,dT=RdT 
or Co—Cy=R | we (vt) 
i 


| 


———— 


Here C,, C, and R are in the same units. You must be 
remembering that if we teke | gm of a gas, then C, and Cy are 
Specific heats of a gas and R is the gas constant and not «he universal 
gas constant. 


5.10 CONVERSION GE HEALrIN1O MECHANICAL WoRk— 
(HEAT ENGINE) 


It is now within the experience of every body that mechanical 
work can be converted into heat and heat also into work. It is 
comparatively easy to get some mechanical work out of a process 
expanding some heat energy. This does not mean, however, that 
the problem is as easy to produce a device for continuous production 
of mechanicai work from a heat supply. Moreover, what portion of 
the heat supplied is convertible into work is a big question and this 
must by all means be as important a criterion for the device as the 
construction of the device itself. Therefore any approach to the 
subject involvés two questions : namely the question of the Principle 
of construction and the question of thermal efficiency of the device. 
Any device which can continuously convert heat into work efficiently is 
called a heat engine. Such devices or machines today are numerous; 
The most important among them are the reciprocating steam engines, 
the steam turbines, the gas turbines, the internal combustion eagines, 
the jet engines etc. The refrigerator is a reversed heat engine. The 
heat cagines are often referred to as prime-movers because they 
develcp their motive power (heat developed by combustion of fuels) 
and supply the same to dynamos. 

The essential features of a heat engine, leaving aside the 
mechanical details, should be as follows : ‘ 

(i) There must be a hor reservoir or source from which heat 
will pe supplied at a high temperature. é 
(ii) There must be a cold reservoir or sink or refrigerator, ata 
temperature Jower than that of the source, called the 
receiver which will take back the portion of heat not con- 


verted into work, 


(iii) There must be a medium, called the working substance, 
which will take in heat from the source, convert a part 
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of it into mechanical work suffering a lowering of tempera- 
ture thereby and reject the bal: ice of heat to the sink 


The magnitude of the source and the sink is so large that their 
temperature remain unchanged because of any heat supplicd to them 
or removed from them. 


f Principle of operation; ‘Tne working substance shall operate 
through « eyclic process of changes which can be repeated indefi- 
_nitely A definite amount of external work will be done in each 
~ eycle of operation. The working substance comes back to the same 
‘initial state at the end ofeach cycle and will, thus, ensure a 
continuous production of mechanical work at the same rate. The 
ae indicator diagram of the system is a closed curve and not a line. 


“iy 


ve 
Source / 
i 


Q,= Heat absorbed 
from the source 


Ws Work done 


Q= Heat rejected. 
to sink 


All the properties of the system remain unchanged during the 
process. 
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Thermal Eificiency of a heat engine 5 
Thermai efficiency () 


Heat equivalent of Work done during a time 
7 Heat input during the same time 


Q 


For an ideal engine, if Q.=heat Se from the source during 
a cycle i 


and Qe=heat rejected to the sink in that cycle ~ as 
then heat converted wae 
into work — Q-Q=W according to first law of 


Thermodynamics, Here change in internal energy is zero as the z 
system returns to its initial state after completing the cycle, Ki 


There, the efficiency () = 5m 
1 


oF | 7 =1 eer se (5-3), 


: 1 
} 


So, for the given value of Q,, the smaller the value of Qs, the 
higher is the thermal efficiency, In other Words if work done by an 
engine is larger then its thermal efficiency is higher. Moreover it is 
clear from the €q. (5-3) that the value of 7 is always less than unity, 


5.11 SECOND LAW OF THERMODYNAMics 


simply requires that when work is produced by heat, the heat equiva. 
lent of work done must come from somewhere, Bur it is silent about 
wherefrom and how this heat will come, That is it Jacks the sense of 
dir; 


4 part of it onif a part of it, which part it is. Mechanical work can 
be fully convetted Into heat. The question arises whether heat can 
be wholly converted into mechanical work of not. The answer to 


(i) When two bodies A & B, exchange heat, the first law tells 
us that the heat lost by one body is equal to the heat gained 


ee Cie ead 
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by the other. But it does not tell us in which direction this 

heat will flow. Only experience tells us that heat will pass 

from the hotter body to the colder one spontaneously ; but 

in speaking of hotter and colder bodies, we are making use 

of a new physical concept (temperature) which is not at all 
~ included within the scope of the first law. 


(i) Let us consider a thermodynamical process illustrated by the 
equation 
2H2+02=2H2,0+U joules 


The equation tells us that if 2 mols.of Hz gas combine with one 
mol.of O2, 2 mol!s.of H2O vapour are formed and U joules of heat is 
evolved, or vice versa, when 2 mols. of H2O vapour are decomposed 
completely into Hz and Qo, U joules of heat must be absorbed. This 
tesult is obtained as a matter of experience from calorimetric experi- 
ments,’ and we interpret the result according to the First Law of Ther- 
‘modynamics by saying that in the combination of two molecules of 
hydrogen with | molecule of oxygen to form 2 molecules of H,O, the 
diminution in energy amounts to U joules. But the first law cannot 
tell us in which direction the reaction will take place. If we have a 
mixture consisting of He, O2 and H,O vapour in arbitrary proportions 
at some definite temperature and pressure, the first law cannot tell us 
whether some He and O, will combine to form H,O or some H,O will 
dissociate into H, and Oo. : 

(ili) Consider a cricket ball rolling on the cricket ground. When 
left to itself it comes td rest after a certain interval of time 
due to friction. We interpret this according to the First 
Law of Thermodynamics by saying that the Kinetic energy 
of the cricket ball is converted into heat energy but the first 
law utterly fails to answer as to why this process does not 
happen in the opposite direction. Nobody has seen a 
stationary cricket ball in the cricket ground suddenly gaining 
heat energy and start rolling after cooling the surroundings. 


(iv) Ina modern power station. steam enters the turbines at 
about 830 K but, even so, the efficiency attained is just over 
30 percent which means that about two-thirds of the heat 
absorbed is rejected to the atmosphere usually via the 
cooling towers. 

(v) Ina heat engine, heat is continuously absorbed from the 
reservoir, and rejected into the sink. Thus the tempera- 
ture of the reservoir or source goes on falling and that of 
the sink goes on rising. Suppose that heat is rejected into 
the surrounding bodies. In order to get a continuous supply 
of work, the temperature of the source must be maintained 
higher than that of the bodies surrounding it. If this is not 
done, the source will cool to the temperature of the 
surroundings, and the engine will stop woiking. 


These observations were generalised by Clausius and Kelvin & 
Planck into weil known statements of Second Law of Thermodyna- 


iCS. 
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Clausius Statement of Second Law of Thermodynamics :— 


“Tt is impossible for a self-acting machine when it operates in a 
cycle unaided bv gn external agency, to convey heat from a 
body at a low, to one at a higher temperature” or “heat cannot 
¥f itself i.e., without the performance of work by some agency 
pass from a colder to a warmer body.” 


The second law as stated above implies that heat is not directly 
transferred from a cold body to a hot body ; an intermediary substance 
absorbs heat from the cold body and rejects it into the hot body. Take 
the case of a refrigerator (ammonia ice plant). Heat is absorbed from 
the brine solution at a lower temperature and rejected into water at 
a higher temperature. This does not happen of its own accord, An 
external agency (the pump) has to do workin order to achieve 

is. 


Kelvie - Planck Statemeat of Second Law of Thermodynamics :-— 


“It is impossible to construct an engine, operating in a cycle, 
which will produce no effect other than extracting heat fron. a 
reservoir and performing an equivalent amount of work.” 


The law as stated above implies that the working substance 
working in a cycle cannot convert all of the heat extracted thto work, 
It has to reject some amount of heat to the sink. So in order to con- 
vert heat into work it is essential to have both a source and u sink, 
Since all of heat extracted is never converted into work no matter 
how good the engine design may be it follows that the efficiency of. 
an engine is never unity. 

It should be noted that both the above statements of ihe Second 
Law of Thermodynamics are equivalent to one another. They are 
one and the same thing and one can be derived from the other. They 
cannot be proved directly but their consequences can. In both the 
statements an important point to note is the phrase “when it operates 
ina cycle.” Many of the so-called violations of the second law are 
based on ignoring this important point, The Second Law of 
Thermodynamics has been applied to a wide range of phenomena. 


5.12, RE®RIGERATORS AND HEAT PUMPS 


The action of heat pumps and refrigerators is the reverse of 
that occurring in a heat engine. In these devices work (W) is done-. 
on the system which enables it to transfer heat (Qs) from a low tem 
perature reservoir (sink) at T; to a higher temperature reservoir at 
T; (Fig, 5.6). The function of a heat pump is to supply as much heat 
as possible to the’hot body, i.e., to make Q; large. Jts co-efficient of 

performance is measured by ss (which is greater than 1). A refri- 
on the other hand, is designed to remove heat from the cold 


tor. : ats 
eer large. Its coefficient of performance is given by 


body i.e., to make Q, 
Qa 
W 


Heat Pump 
or 


=W 


Refrigerator 


Vi 
Cold Reservo 


Fig. 5.6 


Let the quantity of heat absorbed by the refrigerant in a refri- 
gerator ut a lower temperature be Qo. The work done on the 
tefrigerant be W and let the heat rejected by the refrigerant be Q, 
‘The substance is working in a cycle such that there is no change in 


ts internal energy. Applying First Law of ermod 
dQ=dU+dW we have 
Q—-2=-W 


A=Q+W | 


_ This equation implies that it is always neceseary to do work on 
(he substance in order'to transfer heat from a sink to the source. In 
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household refrigerators the work is done by an electric motor. The 
working substance commonly used in it is freon(CCleF,). It absorbs 
heat from materials kept inside the refrigerator and rejects it to the 
surrounding air which is at a higher temperature. 


YZ 
High Pressure ZZ Low Pressure 


Water 


Fig. 5.7 Principles of a refrigerator 


The principle of a refrigerator is shown in Fig (5.7). The gas 
is compressed to a high pressure with the. help of a compressor P, 
It is cooled down by water circulating through a spiral pipe at C (in 
home refrigerators cooling is done by the atmospheric air). The 
gas then gets liquified. This high pressure liquid passes through a 
throttle valve T towards a low pressure side. It comes out as a 
mixture of liquid and vapour and its temperature gets lowered. At 
D this liquid-vapour mixture takes heat from its surrounding materia! 
(thus cooling this stuff), and the remaining liquid also turns into. 
vapour. This vapour is finally sucked by the pump P. Lat 


5.13, REVERSIBLE AND IRREVERSIBLE PROCESSES 


Reversible Process : 


A reversible process is one which can be retraced in the oppcsite” 
direction so that the system and the surroundings pass.thrcugh exaci!\ 
the same states in all respects as in the direct process. After the 
conclusion of a process, the system and the surroundings are restured 

_ to their initial state without producing any change in eithef of them. 
Further, the thermal, chemical and mechanicat effects at each stage 
should be piace rbd ie, the amounts of heat received and ct 
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work done in each step should be the same as in the direct process, 
but with opposite signs. That is, where heat is absorbed in the 
‘direct process it should be given out in the reverse process and _ vice 
-yersa, and where work is done by the working’substance in the direct 
Process, an equal amount of work should be done on the working 
substance in the reverse process. In short a zeversible process at 
every stage during the process should be in thermodynamic equilibrium. 
A reversible process must be infinitely slow. In fact a reversible 
process implies that there is no wastage of energy. It ensures that any 
energy transformed is directed into the desired channel. Friction 
and other dissipative forces are absent in a reversible process. 


The following examples will clarify the process : 


(a) When heat is supplied to a given mass of a gas at constant 
pressufe, it expands and does some external work. If the 
game amount of work be done on the gas, it will give out 
the same amount of heat. It is assumed that there is no 
friction to be overcome during the process as work done 
in overcoming friction is wasted. The process must be 
slow otherwise oscillations and eddy currents will be set 
up, and energy wasted in esergang them is not recovera- 
ble. It is also to be noted that no heat must be lost by 
conduction, convection or radiation during the operation 
as such losses cannot be reversed. 


(b) Agiven mass of ice changes to water when a certain 
amount of heat is absorbed by it, and the same mass of 
water changes to ice when the same quantity of heat is 
removed from it. 


(c). Evaporation is reversible. 


(d) All isothermal and adiabatic changes are reversible when 
Performed very slowly. When a gas is compressed isother- 
mally its volume decreases, and on releasing the pressure 
the gas regains original volume, if there is no friction. 


(e) The reactions in some electrical cells 
ximately reversible, Wiehe nek a 


(f) The transfer of heat from one body to another i i 
only when the two bodies are at the same aeecs, 
have infinitesimal temperature difference. In case of two 

bodies at finite different temperatures, the transfer of 


heat occurring by conduction radiati 
: or radiation cannot be 


(s) Take the case of a spring balance, ing i 
very slowly stretched, con is done © ste hag if on t the 
other hand, it is allowed to contract slowly by the same 
amount, the same amount of work is done by the spring, 
for the work done in increasing the length of toe spring 
by S/is equal to F.8/where Fis the firce, Both the 


+g 
4 
i) 
j 
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quantities F and 3/ depend upon the state of spring at the 
instant and will have the same value whether the spring 
is expanding or contracting. Thus the work done upon 
the spring -in stretching will be equal to the work done by_ 
the spring while contracting during the reverse process and 
the process is reversible. - /t is essential, however, that the 
stretching must be produced or reduced gradually by the 
application of an external force which should differ infinitesi- 
mally at every instant from the stress developed in the 
Spring, otherwise a part of the work will be spent in Setting 
up ji a of the spring and ‘the process will not be ' 
reversible, : 


A reversible process may be represented by a line on the 
indicator diagram as shown in Fig (5.8) as it can be performed back- 
ward so that all the changes occurring in any part of the direct process 
are exactly reversed in the corresponding part of the reversed process, 


and no other changes are left in the external bodies, 


p| A 
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iV] ———> 
Fig. 5.8 Reversible isothermal expansion of a gas 


In practice the perfect reversible change does not exist but the 
idea is a useful theoretical standard for judging real changes. All 
attempts in practice are aimed at approaching this ideal condition of 
teversibility though it may not be actually reached. The maximum 
efficiency of a heat engine under given conditions is worked out on 
assuming the operating cvcle to be reversible. 

An Irreversible Process 


An irreversible process is such that it cannot be retraced in the 
opposite direction by reversing the controlling factors. 
Examples : ; 
(i) Sudden unbalanced expansion of a gas, either isothermal or 


adiabatic. 
(ii) Heat produced by ffittion. 


(iii) Heat generated when a current flows through an electical 
resistance in one or the opposite direction. 


na Sua? 
(iv) Exchange of heat between bodies at different temperatures 
= by conduction or radiation. 
}°*” @) Diffusion of liquids or gases etc. 
"~~ (i) All chemical reactions are irreversible. 


: vA Examples : (i) exhibit internal mechanical irreversibility ; 
(iit) and (iv) exhibit thermal irreversibility and 
(v) exhibit chemical irreversibility. 


_.. An irreversible process can be Tepresented on the indicatos 
Giagram as shown in Fig. (5.9). We can say that most natural 
{processes are irreversible, 


a’ 


P (Pressure) —> 


V (Volume }—> 
Fig. 5.9 Irreversible Process 


5.14 CARNOT’S CYCLE—An ideal reversible heat engine : 


capacity 


2» hai a, oie 
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Carnot’s cycle constitute a cycle of operations for an ideal heat 
engine which though never realisable in practice provides the best 
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Fig. 5.11 Indicator diagram of carnot’s cycle 


guide for the construction of actual heat engines and its improvement. 
It bears an immortal name, SADI CARNOT, a French engineer who 
died young at 26 in 1832. He was the first to approach the problem 
of the efficiency of the heat engine (which was only 5 to 55%) from a 
fundamental stand point. Before him, the attempts we find on 
record made by different persons at the improvement of the efficiency 
of steam engines were only haphazardly tried, sometimes meeting 
with partial success and often not. He tried to bring out the funda- 
mental features in the action of the steam engine leaving out the 
details about the construction and operation of the engine. The 
main features of an idealised carnot engine are the following : 


(i) The engine operates in a cyclic process between two. cons- 
tant temperatures, one provided by a higher temperature 
body, called the source, and the other provided by a lower 
temperature body, called the sink or refrigerator. 


ii) It receives heat from the source at constant tempe- 
rature. 


(iii) It performs some miechanicat work in each cycle, the 
corresponding energy being a part of the heat drawn from 
the source. 


(iv) The balance of heat is: rejected to the sink. 


For the organisation of the engine, suppose a perfectly non-: 
conducting piston is fitted in a cylinder which is also perfectly non- 
Conducting everywhere excepting at the bottom whichis made 
of a perfect conductor. Take also a heat source at temperature T, 
and heat sink at a lower temperature T;, both being of infinite capa- 
city for heat, so that their temperatures may remain constant inspite 
of any withdrawa! or rejection of heat from or to either of them: 
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Let us suppose, for convenience, that one gm-molecule of a 
perfect gas is taken in the cylinder as working substance and the 
working substance is taken through the following four successive re- 
‘versible operations so as to complete a reversible cycle. The reversibi- 
lity of the operations is the most important assumption here, fot theaim 
of the engineer is to investigate the maximum efficiency attainable by 
an engine which requires all sources of irreversibilities (i.e., wastage 

' due to friction, unbalanced expansion and compression, temperature 
difference between the working substance and source or sink etc.) to 
be absent. The scheme of the engine operations has been shown in 
Fig (5.1.), and the state of the working substance has been shown 
in an indicator diagram in Fig (5.11). The working of the engine 
can be distinctly divided into the following four operations. These 
ea of operations constitute a complete cycle kr.own as the Carnot’s 

-eycle : 

(1) Isothermal expansion : Fig 5.10 (a): Let the bottom of 
the cylinder be in perfect contact with the source of heat at tempera- 

-ture T,. Suppose the state of the gas at start now is represented on 

the P-V indicator diagram (Fig 5.11) by the point A, and the pres- 
sure, volume and temperature are P,, V;, T,, Tespectively. Let the 

Bas be allowed to expand such that the piston moves very slowly, the 

“Bas expands steadily and the process is Teversible, As the gas expands 

its temperature tends to fall. But since it is kept in thermal contact 
with the heat source, it will absorb a quantity of heat Q,. So all 
throughout the process of expansion the temperature of the gas will 
temain T,. Incidentally any Process in which the temperature 
remains the same throughout is called an isothermal process. During 

this isothermal expansion let the representative point move from A 

‘to B along the isothermal curve AB where the volume of the gas 

is V, and pressure is P,. By the first law of thermodynamics, Q, is 
qual to the external wark done (W) by the gas in driving the piston 
forward 

x Vy 


w=| PdV =area ABba=Q, +«-(i) 


V, 
which is the heat received from the source. 


Va 
w.=| PdV=area BC eb oos(ii) 
V3 
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Since the pressure of the gas is now very much reduced, in order to 
make it recover its capacity for doing work, it must be brought back 
to its original condition. To achieve this the gas is compressed in two 
stages, first isothermally and then adiabatically. 


(3) Isothermal Compression [Fig. 5.10 (c)] :—Let now the 
bottom of the cylinder be in perfect contact with the heat sink at 
temperature T;. The gas is compressed isothermally by moving the’ 
Piston very slowly until its pressure and volume become P,, V, repre- 
sented by the point D on the indicator diagram. . The heat developed 
owing to compression will pass to the sink, so that the change takes 
place at constant temperature T3. This isothermal compression is rep- 
fesented by the curve CD on the indicator diagram. The amount of 
heat Q, absorbed by the sink during the process is equal to the work 
a (Ws) on the gas to compress it from Ps, V3 state at Cto Py, Ve 

ate at D, 


Ve 
Q.=W,= [Pavesrea CD de...... (tit) 
V- 


(4) Adiabatic Compression: [Fig 5.10 (d)] :—Let now the 
cylinder be placed in contact with the insulator again. The gas is 
further compressed in a reversible Process. Since the process is 
adiabatic, the temperature of the gas rises to T, and the gas attains 
its initial pressure and volume P,, V; ie., its starting state point A 
is reached. This adiabatic change is represented by the curve DA 
on the indicator diagram, 


The work done (W,) on the gas during the operation is given by 
Vv, 
Wi= | Pav—area DA ad Ai) 
Va 
There is no heat transfer between the gas and the outside. 


Thus the cycle is completed. During the cycle, the gas has done 
net external work 


W=W,+W,-—W;—W, 
=area AB ba+area BC eb—area CD de—area DA ad. 
=area ABCD ' 
The gas can be taken through the cycle again and again and more 
and more work can be done. 
5.15 EFFICIENCY OF CARNOT’S ENGINE 
Since in the Carnot’s cycle discussed above, the system is brou- — 


; : ght back to the initial stage, there is no change in its internal energy 


&5 
»@., (USO. Hence from the first law of thermodynamics the net 
external work done (W) by the gas will be given by 
dQ=dU+dWw 


or (Q.—Q,)=O+ W 
pd SEEN te, LY 


or W=Q-Q ie., the difference between - 


the heat supplied to the system and the heat rejected by the system. 
The arrangement described above is a heat engine as it converts heat 
into useful work. All the heat absorbed from the source is not 
_ converted into work; much of it is Tejected into the sink. 


Now efficiency of the Carnot’s engire 
; _ Heat converted into useful work 
Heat drawn from the source 
= Output, W_ 
~ ‘Input ~  Q, 
_ 2-Q 
1 


It can be shown that if the working substance in.a Carnot’s engine is 


Q. 


a perfect gas, then cise fe. where T, and T, are the tempera- 
1 1 
tures on the perfect gas scale. 


=! T, 
Hence eat oa T; 


Note that the thermal efficiency (1) of the Carnot’s engine de- 

_ pends only on two temperatures T, and T, between which ‘the cycle 

operates and is always less than 1 Fora given value of T,, the effici- 

ency is greater, the lower the value of Tz ie. the lower the tempe- 

fature of the sink, the greater is the portion of the heat absorbed 
the source converted to work. 


5.16 REVERSED CARNOT’S CYCLE (Carnot’s Refrigerator) 


Carnot’s ideal engine is perfectly reversible on account: of. the 
total absence of all friction between the piston and the cylinder, 
the extreme slowness of the Operations performed on -the gas, 
the strictly constant temperatures under which the -isothermal 
changes are made by the use of a perfectly conducting base for 
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the cylinder and of a source and sink with an indefinitely large capa- 
city and the prevention of loss of heat by conduction from the gas to 
the piston and cylinder by employing perfectly heat insulating mater- 
ial for the piston and the walls of the cylinder, 


With such an arrangement; the Carnot’s cycle becomes reversible 
at each stage i.e., instead of abstracting the heat Q, from a source at 
T, and transferring a part of it Q, to the sink at.T, and converting 
the net amount of heat (Q,:—Q,) into work, one can Proceed in: the 
Opposite way where the machine abstracts the heat Q, from the 
sink at To, then work is performed on the machine and Q, is trans- 
ferred to the source at T,. In terms of the indicator (P, V) diagram 
(Fig 5.11), this reverse process is achieved by performing the cycle 
in the opposite direction ADCBA i e., first allowing the gas to expand 
adiabatically from A to D with the cylinder placed on the insulator 
then allowing it to expand isothermally from D to C in contact with 
the sink at T,, the heat Q, being extracted in the process. Then the 
gas is compressed adiabatically with the cylinder on the insulator till 
the point B at Temperature T, is reached and finally the gas is further 
compressed isothermally till the point A is reached in contact with the 
source at T}, the heat Q, developed in the Process being iiansferred 
to the source at the higher temperature T, (Fig. 5.1!). The machine, 
therefore, now acts as a refrigerator ie., by doing work on it, itis 
made to extract the heat Q, from a colder body at T,. So it follows 
that Carnot’s engine is a reversible engine 


The working of the reversed cycle measured by a term called 
the coefficient of Performance which is defined as the ratio, 


Heat extracted from the sink i 
Work Spent Bi. 


Qe 
WwW 


By the principle of conservation of energy, 


Q: = Q.+W i.e, heat transfer to the hot body is equal 
to the heat’ extracted from the cold body plus the heat equivalent 
of work done in driving the machine; 

W=Q,- Qa. 

Q Q = Ta 


Hence Ww 0:30. te 
kOe Wish eee 
Heat extracted from sink=Q,=Wx (Ts) 


The reversed Carnot’s engine is really an ideal refrigerating 


machine. 


5.17 CARNOT’S THEOREM 


Carnot, having thus established the possibility of a perfectly 
Teversible engine capable of performing reversible cycles, proceeded 
to show that no engine can be more efficient than ,the. perfectly, 
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reversible engine, the nature of the working substance being immute- 
tial. This is known as Carnot’s Theorem and may be stated as 
follows :— 
“No heat engine working between given temperutures can have 
efficiency greater than that of a reversible engine working betwee: 
Same temperatures.” 


Fig. £.12 


Suppose we have two engines A and B (Fig 5.12), A being 
ceversible and B irreversible. If possible let B be more efficient than 
A. -Suppose B absorbs the heat Q from the-source, converts a part 
W into work and rejects the rest Q—W into the sink. Let B be 
coupled to A and used to drive A in the reverse direction so that A 
acts as a refrigerator. Hence A abstracts a certain amount of heat 
from the sink, has the work W, done on it and returns the same heat 
Q to the source. The amount of heat A abstracts from the sink must 
then be equal to Q—W,. Now since B is assumed to be more effi- 
cient than A, W>W, and hence (Q—W,)>(Q—W). This means 
that A abstracts more heat from the sink than B restores! to it. The 
net result is that the compound engine AB abstracts (W=W,) heat 
per cycle from the sink and converts the whole of it into work, since 
the source is unaffected. This is against Second Law of Thermody- 
namics. There is an unlimited amount of heat in the air, ocean, etc. 
and if this process were feasible, one can get work without any 
expenditure of energy by the use of some sort of a perpetual motion 
machine. But no one has ever succeeded to do such a thing so far, 
Such being the human experience, one is obliged to conclude that 
our assumption is wrong. No engine can be more efficient than the 

~ Feversible engine, whose efficiency therefore, is maximum. All engines 
such as steam engine, diesel engine, etc., are irreversible and their 
. efficiency is less than that of Carnot’s engine. 
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5.18 ABSOLUTE SCALE OF TEMPERATURE : 


The scale for temperatures measurement as given by ordinary 
thermometers are all arbitrary and no two of them agree with each 
other except at the calibration temperatures, the nature of the scale 
in each case being dependent on the Property of the working sub- 
stance (e.g., expansion of a solid, a liquid or a gas, change of electrical 
Tesistance, development of e.m.f.; change in vapour density etc.), 
Thermometers based on these variations have a limited range of 
application. Lord Kelvin deduced from thermodynamical considera- 
tions a scale of temperature which is defined in terms of energy and is 
independent of the property of the working substance. It is, therefore, 
regarded as an absolute scale. The new scale, often referred to as 
work scale, has been found identical with the Perfect gas scale. 


Since the efficiency of all reversible engines working between 
any two temperatures 6, and @, is a function of these two temper- 
atures alone, we may write. 


n= (41, 62) 
Q-Q_, & 
But Fae 1 Q, 


where Q,=amount of heat absorbed at the higher temperature 6, 
and Q,=amount of heat rejected at the lower temperature 0, 6, 
and @, being measured on any arbitrary scale. 


I~ B= F064 4s) 
Q u = eee 
or Oa = 1—f0;, 62)" F (6, 62) (1) 


Where F denotes some other function of @, and 05. Similarly, 
if the reversible engine works between, the temperatures @, and 5, 
(6:>63), we have : 


21 <F @,, 04) 2) 
Q 

and if it works between @, and 63, (@;> 65) 
3 =F (61, 03) 3) : 


Multiplying (1) and (2) 


Be x Lem BEAR, x FG 9 
comparing this with (3) A 
F (8, 63)=F (0, 62) F (0, 6s) +p(4) 
If this relation (4) 1s to be satisfied, F (@;, 92) must be of the 


form ee where is another function of temperature. 
u(Az) 
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Therefore, for any reversible engine 


Orakei pe 
Q. (2) as 


Since §;>6: and Q,>Qs, (8,)> (0) which means that (6) is a 
linear function of 8 and may be used to measure temperature. 


pe prescoting, therefore, (6) by +, which would be some multiple 
oe) 6, 


(6) 


This relation (6) can be used to define a new scale of temper- 
ature, which does not depend on the properties of any particular 
substance. The ratio of any two temperatures on this scale is equal 
‘to the ratio of the heat taken in and heat rejected by an engine work- 
ing reversibly between the two temperatures. Hence it is called the 
absolute or the thermodynamic scale, 


Relation (6) can be written as 


ara a a : (7) 


Since (Q;—Q,) represents the work W done by the reversible engine 
between the two temperatures t, and t, the new scale is called also 
the work scale. 

The efficiency of the reversible engine on the absolute scale is 
given by 


mis niet (8) 


2 In order that y may be equal to unity, +, should be zero, But 
the efficiency can be unity only when all the heat taken by the engine 
isconverted into work i.e, when Q,=W or Q,=0 or 74=0. This 
tepresents then the zero of the absolute scale. A temperature less 
than t,=0 is not possible since then t, will be negative which means 
that the efficiency y will be greater than one, which is impossible. 


The absolute scale agrees completely with the perfect gas scale 
as follows :— 

We have already seen that for a reversible engine using a per- 
fect gas as the working substance, the efficiency is given by 


ai: Sa (9) 


where T, and T, are the temperatures of the source and sink, 
measured on the perfect gas scale. 
Comparing (9) with (8), we have 


t, 
belies nonsy 


er ...(10) 


} 
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The relation (10) indicates that ratios of any two temperatures on the | 
perfect gas scale and the thermodynamic scale are equal. Since, if 
t, = O, T; is also = O, the zero of the thermodynamic scale coin- 
cides with the zero of the perfect gas scale. If T, is the temperature 
of boiling water and T, that of melting ice, measured on the perfect 
gas scale 


T, — T, = 100 


on the Absolute Scale we have for the same two fixed points, as 
shown above, > 


7 — ™ = 100 
using the perfect gas scale, the efficiency 
qa Date — 100. 

Ty Ty 


and in terms of the absolute scale 


ita ao 100 
en 4 a 


Since the efficiency is the same 


100 _ 100 
T; 31 


This means that the temperatures of the boiling points of water 
and the melting point of ice are identical on the two scales. Ina 
similar manner, it can be shown that any temperature has the same 
value on the two scales which are, therefore, identical. (The ice point 
on the Kelvin Scale is 273°16 i.e., triple point of water). 


Example 5.3: 


A perfect Carnot engine utilizes an ideal gas, The source 
temperature is 500 K and the sink temperature is 375 K. If the 
engine takes 600 k cal per cycle from the source, compute (i) the 
efficiency of the engine, ‘ii) work done per cycle, and (iii) the heat 
rejected to the sink per cycle. 


Solution : 
(i) The thermal efficiency of the Carnot’s engine 
T, —Ts 
=_7=— 
4 
=m 500 — 375 
500 
=-9,25 
= 25%. 
(ii) Also, n = 


a 
3.32 
Here Q.=600k cal 
25 
W= Too x 600 
=150 k cal. =150 x 10° cal 
== 150 x 10°x 4°18 joules 
=6.27x 105 joules 
(ii) Since Q-Q.=W ‘ 
Q2=Qi—W =600—150=456 k cal 
= 1°881 x 10° joules 
Example 5.4 
To arecfrigerator heat from inside at 277K is transferred to a 
room at 300K. How many joules of heat will be delivered to the 


room for cach joule of electric energy consumed ideally ?, Also com- 
pute co-cliicient of performance of this refrigerator. 


Soiution : 


We know that for an ideal refrigerator 


pe A aa 
Qa T, 
Here W=! joule 
T,=300K 
T,=277K 
_) _ 300-277 : 
Qa 300 
or Q,=13°04 joules 
Qa _ TT 
iP = Se 
Coefti, of performance WT -7, 
pan Lhe 
300—277 
=12°04 


3.19 RADIATION 


We know that when we feel cold in winter we sit in the sun. . 
the warmth that we get is not due to the temperature of air surroun- 
ing us. This fact can be proved by placing a screen between the 
un and our body. wlicn we no longer feel warm. Hence, we come to 
onclusion that the sensation of warnth is due to the heat energy 
lat directly comes to us from the sun. The distance of sun from 
¢ carth is 1.49 x 10° km and our atmosphere does not extené be- 
ond a distance Of more t!.an about 800 km. The space beyond ihis 
stance can be supposed to be almost a perfect vacuum and there is 
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no material medium. Thus the heat from the sun does not come to 
us by conduction or convection, we get it by a third process known 
as radiction. 


Hence radiation is that process of transmission of heat in whick 
heat travels from one point to another. in straight lines, with the velocity 
of light without heating the intervening medium. 


The properties of heat radiation tell us that heat is a form of 
wave motion similar to light. It travels through empty space with 
the velocity of light 3x 10° ms! and does not require any materia? 
medium forts transmission. 


We know that light travels in the form of electromagnetic: 
waves. Hence thermal radiations also travel in the form of electro- 
magnetic waves, 

The molecules of a hot body are in a state of rapid vibration, 
which produce waves. The waves travel through space wnt set the 
molecules of a colder body into vibrations, when they are absorbed 
by it, and thus raise its temperature. 

All substances do not allow the heat radiations to pass equally 
through them. Some allow heat radiation to pass more readily tham 
others. The substances which allow heat radiations to pass through 
them are called diathermanous, whereas those which absorb heat 
radiations and are themselves heated are called athermanous. 


No material medium is perfectly diathermanous, air is only 
approximately so. Water, wood and other liquids and solids are 
mostly athermanous. ‘Ordinary glass, which-is transparent to light 
absorbs about 90% of radiant heat, when it is coming from a sourc: 
at a low temperature, but when radiant heat is coming from a source 
at a high temperature it can pass through it. Due to this property 
of glass itis used in ‘‘Green houses” to keep.the plants warm. It 
allows the heat radiations from the sun to pass through it but does 
not allow the heat radiations from the plants to escape from inside. 


It is not necessary that a substance which is opaque to light 
must be athermanous. A solution of iodine in carbon disulphide is 
quite dark and does not allow light to pass through, but heat radia- 
ions can pass through it. : 

Detection of thermal radiations: Radiation is merely a form 
of energy which can easi!y be converted into heat by causing it to 
fall on any body which can absorb. An instrument used for detect- 
ing radiations must be able to measure a smail quantity of heat ie., 
small rise of temperature. 

(i) Blackened bulb thermometer: If the bulb of a thermo- 
meter is painted black it shows a considerable rise of temperature’ 
when heat radiations fall on it. 

(ii) Leslie's differential air thermoscope:— Tiie blackened 
bulb thermometer is not very sensitive. It was soon replaced bya 
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differential air thermoscope. It consists of two glass bulbs connected 
‘by a U—tube. The bulbs and part of the tube contain air and the 
bend of the tube contains a coloured liquid like sulphuric acid because 
it is neither volatile ‘nor heavy and viscous. One of the bulbs is coated 
: ue lamp black so that it may absorb a large amount of heat 
tadiations. 


Fig. 5.13 


When the two bulbs are at the same temperatures the liquid in 
the two arms stands at the same level. When heat radiations fall 
on it, these are ‘at once absorbed by the black bulb. The air inside 
expands and causes the liquid to go down The liquid on the other 
side rises up. Greater the amount of heat radiations falling on the 
instrument, greater is the difference in the two levels. 

(iti) Crooke’s radiometer : It consists of two light aluminium 
-teds RK fixed at right angles to form atross and carry at their free 
ends thin vertical vanes VV of mica or tin-foils. Similar faces of 
the vanes are coated with lamp-black. The arrangement is suspended 
inside an evacuated glass vessel so that it can rotate about a vertical 
axis: When radiations fall on the blackened faces, the vanes begin 
to rotate in sucha direction that the blackened. face continually 
secedes away from the source of radiation. The cause of this motion 
4is as foliows : 

The blackened face absorbs the incident radiations and thereby 
its temperature is raised, the clear face Temaining at a lower tempera- 
ture. The molecules bombarding the blackened face become more 
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heated than the motecules bombarding the clear face, thereby exerting 
greater pressure on the vane. This results in a met effective force 
repelling the vanes away from the incident radiation. This effect is 
known as the radiometer effect. The velocity of rotation is a measure 
of the intensity of the incident radiation. 


Fig. 5.14 

(iv) Thermopile—The instruments described above have been 
superseded by electrical instruments of which thermopile is an 
example. A thermopile consists of a number of thermocouples made 
out of antimony and bismuth rods connected in series as shown in 
Fig 5.15 (a). One set of junctions marked ‘hot’ is exposed to the 
radiations while the other set marked ‘cold’ is properly shielded. 
The ends of the pile are connected to a sensitive gdlvanometer. 
When the radiations fall on the hot face, it absorbs heat energy and 
a thermo-electric current. flows from bismuth (Bi) to antimony (Sb) 
across the hot junction and finally through the galvanometer 
shown, thereby causing a deflection. The ‘deflection: is proportional 
to the curreat which is in turn proportional to the intensity of heat 


ftadiations. 
26 
Eo] 


= As 
Fig. 5.15 (a) Fig. 5.15 (b) 
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- The improved form of the thermo-pile consists of bars of 
antimony and bismuth arranged to form a cube, with all the hot 
junctions at one face and the cold junctions at the opposite face. 
The junctions are soldered and the different layers are insulated with 
paraffined paper or mica. The face of the hot junction is coated 
with lamp-black and provided with conical protector to protect. it 
from stray radiations, while the cold face is covered with a metallic 
cap as shown in Fig 5 15 (6). 


Measurement of Heat Fadiation: The methods of detecting 
heat radiations are explained above, For the quantitative measure- 
ment 6! heat radiation a radio-micrometer or a bolometer is used. 


_ Radiomicrometer : A thermgpile has a large thermal capacity 
and it absorbs a considerable amount of heat before any appreciable 
tise of temperature is produced in the metat near one of the exposed 
surfaces. This drawback is removed in the radiomicrometer designed 
by Prof. Boys. It consists of a single loop L of silver wire suspended 
by a quartz fibre F within the pole pices N and S of a strong perma: 
nent magnet. The lower ends of-the loop are joined to a bismuth- 
antimony thermocouple. Below the junction of the thermocouple is 
attached a thin blackened copper disc. D. A mirror M is attached as 
shown to measure the deflection of the loop. 


eee 


5.37 


_ __, When radiations fall horizontally on the copper disc the Bi--Ss 
Junction is heated and.a thermo-electric current flows through gh: 
silver loop producing a deflection. The deflection is proportions! 
to the current which depends upon the intensity of the enersy 
received. To prevent disturbance due to diamezgnetism of bisiaut! 

the rods of the thermocouple are surrounded by a mass of soft. ix 


Bolometer : The uniform increase in resistance with temperature 
of a platinum strip was first used by Langley for measuring thermal 
fadiations, He named it the 
Bolometer. It essentially consists 
of two gratings such as shown in 
Fig:5-17, punched from very thin 
platinum foils (1 to 2x 107% 
mm, thick) and covered with a 
layer of platinum black. Such 
a grid has a resistance of about 
$0 ohms, but a low thermal capa- 
city. 


y 
y 
4 
Z 
y 
y 
y 
y 
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Fig. 5.17 


In Langley's bolometer two such grids, exactly identical, are 
arranged to form the two ratio arms of a Whieatstone bridge. One 
of the grids is exposed to the radiation and the other is well screened. 
The resistance of the exposed grid increases, thereby disturbing the 
bridge balance and produces a deflection in the galvanometer, A 
change of temperature of 0000I1°C produces a measurable 
deflection. } 


Lumm2r and Kurlbaum improved Langley’s bolometer by using 
four identical grids instead of two. Grids 1 and 3 put in the opposite 
arms of the bridge are so arranged 
one behind the other that the strips of 
3 cover the spacesin 1, and thus re- 
ceive the radiations passing through the 
spaces inl. By this arrangement twice 
as much radiation falls on the bolometer 
as with a single grid, so that the effect 
of change in resistance is doubled. The 
other two grids are arranged in the 
remaining two arms 2 and 4 of the 
bridge and are shielded from the radia- 
tions. 


The bridge is first balanced by the 
sliding contact wit all the four grids 
shielded from radiations. The grids 1 
and 3 are thert exposed to the radiations. 
The deflection of the galvanometer due 
to the upsetting of the balance is propor- 


Fig. 5.18 
tional to the amount of radiations falling on the bolometer in unit 
time. 
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Properties of heat radiations : The following is the summary of 
their properties in a homogeneous nedium. 


(i) Heat radiations travel in straight line. 


(ii) Heat radiations require no material medium for cheir 
transmission and can travel through vacuum. 


(tii) In a homogeneous medium heat radiations are transmitted 
equally in all directions. 


(iv) Heat radiations travel with the velocity of light iie., 
3x 10*ms"* 

(v) The intensity of heat radiations varies inversely as the 
square of the distance from the source. 


(vi) Heat radiations can be reflected from polished surfaces and 
obey the laws of reflection. 


(vii) Heat radiations can be refracted and obey the laws of 
refraction. 


(viii) Heat radiations do not heat the mecium through which 
they pass, 
(ix) They affect a special photographic plate and are least 
scattered. They are used for long: distance photography 
through fog and mist. 


(x) They produce the-phenomena of interference ; diffraction 
and polarisation. 


(xi) They are absorbed by glass, but rock-salt, sylvine and a 
solution of iodine in carbon-bisulphide are transparent to 
them. Glass is partially transparent to solar heat 
fadiation. 


5.20 PERFECTLY BLACK BODY AND BLACK BODY 
RADIATION : 


[Soaps purposes. On the other han” if a perfectly black body is 
eated to a suitable high temperature it will give out radiations of all 
wavelength i.e., full or total radiations, 


___ No uctual black surface fulfils these requirements entirely. A 
dosed metallic chamber of brass or platinum say a hollow sphere 


ae 
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having a very narrow opening at one 
point O.is a perfect absorber and is 
used in.practice as a black body. If 
the radiation enter through the 
narrow opening O it is lost inside by 
successive reflection on the inner wall 
and wholé of it is absorbed. The 
type of the black body shown in Fig 
(5.19) was designed by Fery. it is 
closed hollow sphere painted black 
from inside having a small opening 
O and a projection P opposite to the 
opening. This projection protects 
direct reflection of any of the radia- Fig. 5.19 Black Body 
tion into the opening O from the 

surface opposite the hole. 


: If the enciosure is heated to a uniform high temperature the 
ely coming out of the hole O are full radiations or black body 
radiations, 


The radiation within the constant temperature enclosure is 
independent of the nature of the substance of which the walls of the 
enclosure is made and is only dependent on the equilibrium tempera- 
ture of the enclosure. Any body placed inside, it will in the steady 
state attain the temperature of this enclosure and will emit the black 
body radiations characteristic of the temperature of the enclosure. 


5.21 ABSORBING AND REFLECTING POWERS 


When heat radiations fall on a body, they are partly reflected” 
and partly absorbed. 


Those surfaces which absorb more heat than what they reflect 
are-called good absorbers while taose surfaces which reflect more heat 
than what they absorb are called good reflectors. 


If Q units of radiant heat between A and A+d) are incident on 
a body per second and Q: is the portion which is absorbed then the 
ratio Q,/Q is called the absorbing power (a,) Hence absorbing 
power is the ratio of the amount of heat radiations absorbed in a given 
time by the surface to the total amount of heat radiations incident’on 
it in the same time. 

If Q, is the portion of the incident radiations Q which. is reflec-: 
ted by a surface, then the ratio Q,/Q is called the reflecting power 
of the surface. Hence reflecting power of a surface is measured by the 
ratio of the amount of heat radiations reflected by the surface to the 
amount of heat radiations incident on it in the given time. From the 
definition of reflecting and absorbing powers it is clear that those 
substances which reflect more of the incident radiations, absorb 
less. Thus we see that good absorbers are bad refleciors., Dull black 
surfaces are good absorbers but bad reflectors whereas polished 
white surfaces are bad absorbers but good reflectors. 
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The absorbing power of a perfectly black body js unity as it 
absorbs all the radiations incident on it. Its teflecting power is. 
Zero. 


5.22 EMISSIVITY 


Emissivity of a surface is defined as the cnount of hear radia: 
ted per second by a unit area of the surface when the difference in 
temperature between the body and it: surrounding is 1°C. 


The amount of heat radiated per'second by a surface depends 
upon the following factors : 


(i) Area of the surface. 


(ii) Difference. of temperature between the surface and the 
surroundings. 


(iii) Nature of the surface. Dull black surface are good 
radiators whereas polished white surfaces are bad radiators, 


The emissive power or radiating power of a surface is defined 
-as the: ratio of the amount of radiations emitted per second by a unit 
area of the surface to the amoint emitted per second by a unit area of 
a Neel black body, the emissions taking place under identical 
Conditions. 


ff e, is the spectral emissive power of the surface then the 


tadiant energy emitted per square metre per second between spectral 
‘wavelengths A and A+-d will be e, dd. 


The total emtissive power is the total energy emitted per square 
metre-per second for that given temperature and is equal to f e, dA 
for all wavelengths. 


5.23. KIRCHOFF’S LAW. 


We have seen above that the imitial researches on the emission 
and absorption of thermal radiation showed that they vary in a 
similar manner, good emitters being also good absorbers and bad 
emitters bad absorpers. In 1859 Kirchoff deduced from such 
observations an important law which may be stated as follows : 


“At any given temperature and for radiations of the same 
wavelength, the ratio of the emissive power to the absorptive 
power is the same for all substances and is equol to the emissive 
power of a perfectly black body.” 


Kirchoff’s own proof of the law is somewhat complicated. A 
thuch simpler proof can.be had in the following manner, based on 
the fondamental characteristics of thermal tadiation. 


Let us consider a body placed inside a uniformly heated 
enclosure maintained at temperature T. The radiation within the 
enclosure. will be independent of the nature of the walls of the 
enclosure andof the presence of the body. 
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Let dQ be the quantity of radiant energy, of wavelength lying 
between A and A+-dA, falling on a body per unit area of its surface per 
second. Let a, be the absorptive power of the body. Then the amount 


of radiant energy absorbed by the body per unit area per second is 
a, dQ. The remainder (1—a, ) dQ is reflected or transmitted. 


If e, be the emissive power of the body, the amount of energy 


radiated per unit area per second under the same conditions of 
temperature and wavelength is e, dA. Hence the total energy given 
out by the body per unit area per second =(\—a, ) dQ+e, da. 


Since the body is in temperature equilibrium with the enclo- 
sute, the radiant energy given out must be equal to that received, 


dQ=(l—a, ) dQ+e, da 
or 4a dQ=e dar wari): 


For a perfectly black body, since a, =1 and e, has a maximum 
value, which we may denote by E, . 


dQ=E, dh +Q) 
From (1) and (2) we have 
@, E, dA=e, da 
SOGER RUMOR rey emcee | 
O =F 
a 
shat Dy] 3) 


The relation (3) shows that, at any given temperature T and for 
radiations for the some wavelength A, the ratio of the emissive power 
to the absorptive power of a substance is constant and equal- to the 
emissive power of a perfectly black body. This is Kirchoff’s Law 


Since E, is a constant, if e, is large a, also is large and vice 
versa. This shows that good emitters are also good absorbers. 


Experimental Verification of Kirchoff’s Law 


Ritchie, demonstrating with the following arrangement that 
good emitters are also good absorbers, was able to confirm experi- 
mentally Kirchoff’s Law. 


Ritchie’s apparatus consists of a differential air thermoscope 
whose bulbs have been replaced by the two identical cylindrical metal 
vessels P and Q, fig (5.20). A third cylinder RS, of the same area of 
Cross-section as that of the P and Q, is supported in the middle of 
the vessels P and Q. This can be filled with hot water and can also be 
rotated about its vertical support. The left hand faces of all the 
three vessels are painted black, while the right hand faces are 
Polished. Fill the central vessei with boiling water, and it is found 
that the liquid levels remain the same in the two limbs. It shows 
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; that the heat radiations received by the vessel P and Q are the 
same, 


Fig. 5.20 


Now rotate the central vessel RS through 180°. so that now the 
shining face of RS faces the shining face of Pand the black face of 
RS, faces the black face of Q. In this case the liquid level in the 
tube connected with Q will be lower than in the tube connected 
with P. This shows that the heat radiations received by the vessel 
P is lesser than the heat radiations received by Q, because the good 
tadiating surface of the vessel RS is facing the good absorbing 
surface of Q and the peor radiating surface of the RS is facing the 
poor radiating surface of P. This shows that good radiators are good 
absorbers and bad radiaters are bad absorbers, 


Applications of Kirchoff’s Law : 


A direct outcome of the Kirchoff’s Law is that if a body is capa- 
ble of emitting a certain radiation, it will absorb them when they fall 
on it, 


(i) Ifa piece of decorated china 1s heated in a furnace to 
about 1000 K and then taken out suddenly in a dark room, 
the decorations appear much brighter than the white 
china. The decorations being dark are better absorbers at 
ordinary temperatures and also emit much greater light 
at higher temperatures. 


(ii) If we take a polished metal ball ana make a black spot 
on it with platinum black, then on heating the ball to 
about 1000 K, and suddenly taking it out in a dark room, 
it will be found that the black spot shinamuch more bri- 
lliantly than the polished surface. 
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“iii) A green glass appears green because it absorbs red light 
strongly and reflects green light; red and green being comp- 
lementary colours* If we heat the green glass in a furnace 
and then take it out it is found to glow with red light. 
Similarly if a red glass is heated to a high temperature it 
will glow with green light. 

(iv) There are many such cases illustrating Kirchoff’s Law, but 
the one classical example regatding the explanation of the 
Fraunhofer lines in the Solar Spectrum given by Kirchoff on 
the basis of his law deserves special mention. 


Fraunhofer was the first, in 1801, to discover a large number 
of dark lines in the solar spectrum. Although he carefully measured 
their wavelengths realising their importance, he was unable to explain 
how they originated. He also investigated the light from stars and 
found similar dark lines in their spectra. Other workers, notably 
Fizeau,found that, if the solar spectrum was examined side by side 
with spectrum from a sodium flame, the two yellow linesof the 
sodium spectrum occupied the same place as the Fraunhofer 
D-lines in the solar spectrum. A similar coincidence was also 
observed in the case of hydrogen spectrum, Although these facts 
paved the way for a possible solution, the dark lines of Fraunhofer 
remained unexplained, until Kirchoff completly solved the problem 
on the basis of his law as follows :— 


Since sodium cap emit the Dlines when it is excited, it can 
also absorb the same light when white light falls on it and produce 
the corresponding dark lines. As a matter of fact, when white light 
from an arc lamp is passed through relatively cool sodium vapour 
(Fig 5.21) and analysed in a spectrometer, the spectrum is found to be 
crossed by two dark lines in precisely the same position as the yellow 
lines in the emission spectrum of sodium. This suggests a correct 
explanation of the Fraunhofer lines in the solar spectrum. The light 
from the central mass of the sun is such that it emits a continuous 
spectrum without dark lines. But this light has to pass through a 


Sodium Flame 


Fig. 5.21 


_ cooler atmosphere containing a number of elements such as Hg, No, 
O,, Na, Cu, etc., in the gaseous form, which absorb effectively the 
lines that they themselves can emit and thus give rise to the Fraunho- 
fer lines, The presence of dark lines in the spectra of stars is accoun- 
ted for in a similar manner. _It is by the analysis of such dark lines, 
*Complementary colours are those colours which when mixed in certain 
Proportions give white light. 


Ae. 
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one is able to tell of what elements the coo! atmosphere surrounding 
the sun and stars are composed. 

Kirchoff’s discovery is of much greater importance than the 
mere success in explaining the dark absorption lines in solar and 
stellar spectra would indicate. For it, clearly shows that every type of 
atom, when properly excited, emits light of definite wavelength which 
is chrracteristic of the atom. 


5.24 STEFAN’S LAW 


Stefan, in 1819, deduced from experimental data a law which 
states that the sotal energy emitted by a black body per second per 
unit area is proportional to the fourth power. of its absolute 
temperature. 


If E is the total energy radiated of all wavelengtas per unit area 
per second by a black body at thermodynamic temperature T, then 
: Eo T# 


or | E=aT* | _.(i) 
ae 


where o is constant, called Stefan’s constant: If Eis in Wm- (ie., 
a m7) and T is in K (Kelvin) theno has units Wm-> K-* Its 
value is 


o=5°735X10-* Wm-*K- 4. 
Equation (i) is true for an isolated black body. 


Boltzmann, on the supposition that the black body radiation 
behaves as a perfect gas, appiied laws of thermodynamics to radia- 
tion and theoretically deduced the above law. So the law is generally 
known as Stefan Boltzmann Law. 


If a black body at temperature T is surrounded by another 
black body (enclosure) at a lower temperature Ty, then it loses energy 
by emission but also gains some from the enclosure. The net loss of 
energy En. from the black body per unit area per unit second is thus 
given by - 

E = o(T! — T,') ; wa (ii) 

If T>>Ty, Ty‘ can be neglected and we have 

E=oT' 
If (T—T,) is small then we can show that 
Ex4oT,° (T — Ty) 
Thus, let x=(T — Tp) and so 
E=a(T! — Tot)=o((To +x)! — Tol 
=O[To! +47 3x + 6T 2x? +4T x? +x° — To‘) 
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=40T 9% since x*, x? & x‘ are negligible 2 
= 46T,(T — Ty) 
or Eoc(T — T,) as o & Ty are constant. 
Thus we find that rhe rate of loss of energy by radiation is Pto- 


portional 10 the temperature difference of the hot body and the 
surroundings if this is small. This is Newton's Law of Codling : 


For a non-black body Stefans’ law can be applied in the form 


| E=€oT* soe (iti) 


where € is called the total emissivity of the .body and has a value 
between 0 and 1. 


5.25. ENERGY DISTRIBUTION OF BLACK BODY RADIATION 


Yj 


Electrically 
Heated Furnace 


Sy 


Bolometer 


' Concave 
Mirror 


Fig. 5.22 Experiment on Black Body Radiation 


In 1899 Lummer and Pringsheim carried out an experiment to 
Measure how the energy from a black body radiator was distributed 
among the various wavelengths. They Placed a blackened disc D in 

‘the middle of a blackened porcelain tube, which was surrounded by 
other concentric porcelain tubes with pl tinum ribbon wrapped 
round them (Fig 5.22). The furnace was heated electrically, and 
black body radiation was emitted from D and refracted (spectrum 
obtained) by ‘a fluorite or flourspar prism, which is, transparent - 
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to heat radiation (infra-red). The temperature of the furnace was 
measured by a thermocouple. The distribution of energy among the 
various wavelengths was measured by exposing in turn parts of the 
“spectrum to a narrow strip of platinum called a bolometer, whose 
resistance change is a.measure of the heat or energy falling oa it. 
At a particular part of the spectrura, the energy measured is that in 
a narrow range of wavelengths A to d+, so that on the average. 
the energy can be called “E, ”’. The wavelength Acan be measured 


by a diffraction grating. 


The distribution of energy of the spectrum for different tempera- 
tures in the range 723 K to 1640 K are shown by the curvesin Fig 
(5.23). The wavelength in microns is ploited along the abscissa and 
the emissive power E, along the ordinate. 


E> ( Emissive Power ) 


We UDA 
d (Wavelength ) in yum 


Fig. 5.23. Energy distribution in a black body radiation spectrum 
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From the study of the curves the following points emerge : 


fi) As the temperature rises the energy (EF, ) emitted in each 


band of wavelengths, increases ie., the body becomes 
‘brighter’. 


(Gi) Even at 1646 K only a small fraction of the radiation is 
light. (The maximum does not lie in the visible region 
until about 4000 K). 


(iii) At each temperature T the energy radiated isa maximum 
for a certain wavelength Ages which decreases with rising 


temperature. In fact Anes at .e., Ames T == consvant—a 
statement known as. Wein’s displacement law. This explaing 
why a body appears .Successively red-hot, yellow-hot ane 
Lip etc. Sirius (the Dog Star) looks blue, not white, 
Why 

(i) Themaximumof each curve shifts towards shorter waye- 
length as the temperature is raised. 


(v) Total radiation E at any absolute temperature T (== fE, da) 
is represented by the area enclosed between the curve and 
the abscissa (i.e., \-axis). This area is found to be propor- 
tional to T* agreeing with Stefan’s Law. 


5.26 WEN’S DISPLACEMENT LAW 


We have already mentioned above that the intensity of radiation 
emitted by a black body is not uniformly distributed over the whole 
tange of wavelengths involved. 


A general solution of the problem is readily obtained frum the 
fact that when the temperature of a body is egy gree the colour 
of the radiation emitted by it changes. Thus, instance, whea 
a blackened platinum wire is raised in temperature by electrical 
heating, it begins to appear dull-red at about 525°C, changes to 
cherry red at about 900°C, becomes orange red at 1100°C ; yellow 
at 1250°C and finally white at about 1600°C. This shows that the 
colour emitted becomes richer in waves of shurter wavelength. In 
other words, the maximum intensity of emissien shifts towards the 
shorter wavelength side as the temperature is raised. 


Wien, in 1893, tackled the problem analytically. by applying the 
Principles of thermodynamics to the black body radiation and 
obtained the following relation. 

| 
Xm T=b5 


where b=constant 
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An=Wwavelength at which the emissive power E, is 
a maximum (E,,) at the absolute: 
temperature T. c 


This statement is known as Wien's Displacement Law i.e., as the 
temperature increases the maximum intensity of radiation emitted 
shifts towards shorter wavelengths. 

The value of the constant 5 has been found to be 2°892x 10-* 
m 
‘ Wien’s Law furnishes us with a simple method of determining 
the temperature of the heavenly bodies. Thus for the moon,A,=14n 
and hence 

2:892x 10-3 
AERO 


Similarly, we can calculate the temperature of the sun. 


§.27 PYROMETERS 
Radiations emitted by a hot body depend upon the temperature 
of the hot body and therefore it is possible to determine the 
temperature of a hot body from the study of its thermal radiations. 
Devices which work on this principle are known as pyrometers 
There are two types of Pyrometers : 
{i) Total Radiation Pyrometers based on black body radiation 
‘of all wavelengths, Stefan’s Law is made use ofin cal~ 
culating the temperature. 
(ii) Optical Pyrometers: In these, energy £ dA emitted in a 
particular portion of the spectrum is measured and the 


temperature is calculated by using Wien’s Law for the 
aistribution of energy in the radiation spectrum. 


Total Regiation Pyrometer : 


Fig. 5.24 Radiation Pyrometer 


Fery was the first to devise this type of Pyrometer, whichis 
therefore ordinarily known as Fery’s Pura - modern version 
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of this Pyrometer is shown in Fig (5.24). It consists of a concavé 
Mirror M made of copper and nickeled in the front surface, haying 
a small opening in the cenire, into which an eyepiece E is fitted. In 
front of M a small diaphragm D is mounted and immediately behind 
it a metallic strip S is arranged. The front surface of § facing Dis 
blackened, while to its back surface one junction of a thermocouple T 
is fixed. The other junction of T as wellas S$ are protected from the 
direct radiations by suitable screens. The leads from the thermocouple 
are connected to a millivoltmeter mV which measures the em.f. 
developed when the radiation from the source whose temperature is 
to be measured, after being focussed by M, falls on the receiver S$ 
through D. The mirror M can be moved forwards and backwards : 
for the purpose of focussing the radiations on S. 

In order to obtain accurate focussing the following device is 
employed. The diaphragm D is constituted by two semi-circular 
mirrors inclined to each other at an angle of about 5° with a central 
hole of about 1.5 mm to allow the incident radiation to pass. When 
this diaphragm is viewed through the eyepiece B, if the focussing is 
perfect, the images of the two halves of the diaphragm coincide to 
form a complete circl: but if th: focussiag is not accurate, the two 
halves will not coincide but appzar displaced as shown in fig (5.24), 
The concave mirror M is moved till this relative displacement of the 
two halves disappears. t 


In making a measurement, if V is the reading indjcated by the 
iillivoltmeter, then 

Voc(T*—f,*) where T and T, are the temperatures of the. hot 
body and the recziving junction respectively. ‘Since T is very large: as” 
compared to Ty ; T,* can be neglected in comparison to T+, 

In practice it is found that E.M.F. V is not exactly proportional. 
to the fourth power of the absolute temperature-of the source. Some 
of the reasons for this discrepancy are : 

(a) The source is not a black body 

(5) T,‘ is not zero 

{c) Spurious effects produced by stray and diffuse reflections etc. 

(d) Conduction effect along the leads of the thermoeouple. 

So, before use, the pyrometer has to be suitably calibrated. 

By using rotating sector device (Fig 5.25), she instrument 
enables us to measure even very high 
temperatures. An opaque disc, from 
which a sector making an angle 6 at the 
centre is cut off andistotated about the 
axis of the Pyrometer tube in 
of the incident rediztion. 


= Ti is 
temperature, now measured by the instru- 
ment ‘then the actual temperature T of 
the senrce, according to Stefan’s Law, is : 
Biven by Mig $23 


aa el 
T* 360 
360 \t 
nts (=) 
Supvose that ¢=22'5° and T, = 1800 K 


1-110 22} 


==3600 K 


Fig. 5.26 Optical Pyrometer 


at feet ec aren te pine 
d ing jstament optical pyrometer, which responds to light 

rp i in Fig (5.26). Light from the hot source and the jason 
fi,amezt iam) passes through a red filter of a known wavelength 
range before reaching the eye ; both appear red. The current through 
the filament is-adjusted until it appears as bright az the 

of light from the source. The temperature is then read off from the 
ammeter, previously calibrated in 


: Calibration may be done against a gas thermometer upto 1800. 
K. The range of the pyrometer can be extended upto about 3000'K . 
by baving 2 sectored disc rotating in front of the source which cuts. 
own the radiation in a known proportior. : 


Pyrometers are used to measure the temperatures of the 
interiors of furnaces—without getting too close—and of the surfaces 
‘of molten metals. 


-Pyrometers differ from other instruments such as thermo- 
meters, thermocouples etc., in that they are not to be in contact with 
the hot body. They can measure tem perature howsoever high and 
the lower practical limit for radiation pyromaers is about 900 K. 
Further no extrapolation is required in esUmating very-high tempera~ 
tures as the formulae on which the pyrometers are based are found to 
be valid at all temperatures. 
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The pyrometers, however, suffer from two drawbacks : 


(a) Since they are based on laws (i.e., Stefan’s Law and Wien’s 
Law) that govern strictly black body radiation aione so the 
temperature actually measured is the black body tempera- 
ture of the source which is evidently less than its actual 
temperature. 


(b) There is a lower practical limit (900K) below which 
pyrometers cannot be used for accurate measurement, since 
the emission from bodies becomes too small to be 
estimated correctly at lower temperatures. 


Example 5.5 


Calculate the radiant emittance of a black body at a tempera 
ture of 4000 K, 


(s=5°672 x 10-°Wm"K~) 
Solution : 
Since E=oT* 
E=5°672 x 107* x(4000)* 
== 14520000 Wm-* 
Example 5.6 


If a physician‘is interested in fluctuations in Skin temperature 
of 0.1 deg about a normal value of 300 K, what must be the 
sensitivity of bis equipment for producing thermograms ? 


Soitton : 
Since E=oT* 
so the rate of change of E with T is given by 
aE 4 4E 
Ma Te ee 
Therefore, for smail changes 8E and 8T, we have approximately 
3B 4B 
3T T 
3B _ BT_ 4x01 
oF E T 300 
=0°13% 


So his'detectors must be able to reliably detect: fluctuations of 
013% in the radiation emitted by “se skin. 


SUMMARY 


+1. df two bodies are in thermal equilibrium with a third body, thev are 
- in thermal equilibrium with each other (Zeroth Law). 


2, Temperature is the numerical indication of hotness and coldness. 


6. 


7, 


M. 


12. 


3. 
14, 


15S. 


16. 


4. 
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Heat and work are closely in relation. They represent energy in 
fransit. Heat is the flow of energy from one body to the ovher, by 
virtue of their temperature difference alone. 


Internal energy is an impertant characteristic of a thermodynamic 
system. 


The first law of thermodynamics states that the amount of heat 
added to a system equals the sum of the increase in the system's 
internal energy and the work done by the system against its surround- 
ings. This /-w extends the cofservations of energy to process, that 
involve heat. 


An amount of mechanical energy equal to 4186 joules is always 
equivalent to one calorie of heat. 


While mechanical energy can always be converted entirely into “heat, 
the reverse is not true. Attempts to conyert heat completely into 
energy always produce some waste heat. This observation is the basis 
of the Second Law of Thermodynamics. 


‘The Second L.aw of Thermodynamics limits the efficier.cy of engines 
to below 100 percent. The most efficient possible engine is one 
based on the carnot cycle. 


Reversible process is that process which can be exactly reversed so 
that the system passes through the same intermediate states as in the 
forward process, A reversible process implies no wastage of 
energy. 


Cyclic process is a sequence of processes as a result of which 
system returns to its original state. For acyclic process the change 
in internal energy is zero. 


An absolute scale of temperature is a scale which is independent of 
characteristics of any particular substance. It coincides with the 
perfect gas scale. 


Energy is transported from a hot body to a cold body by a process 
known as radiation. In this mode of transference of heat, the 
intervening medium does not get heated, 


A black body is one that absorbs all the radiations that fall on it. 


The ratio of the emissive ones to the absorptive power is constant 
for all bodies and is equal to the emissive power of a black body. 
(Kirchoff's Law). 
The total energy radiated per second per unit area by a black body 
is proportional to the fourth power of the absolute temperature. 
(Stefan-Boltzmann |-aw). 

Atcach temperature T the energy radiated by a black body is a 
maximum lor certain wavelength Amae Which decreases with rising 
temperature. (Wiea’s Law). 


Thermal radiation also cen be used to measure high temperatures 
23 the radiation from a black body depends solely ni ieee 
Trstroments which work on this principle are known as Pyrometers. 


QUESTIONS 


Distinguish between a (3) heat and temperature and (i) 
Heat and Work. Is it possible to measure heat in joules ? 
If so what is the relation between calories and joules 7 


10. 


14, 


15. 
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Is heat and internal energy the same thing? Define 
internal energy of a system and state first law of 
thermodynamics. 

Distinguish between isothermal and adiabatic process. 
Does a gas work when it expands adiabatically? If so, 
what is the source of energy ? [4.1 S S.C. 1986} 


Define the first Jaw and the second law of thermodynamics. 
Explain carefully the significance of both of them 


If two bodies are in thermal equilibrium with one anower. 
do they have (2) the same T, (6) the same U2 


Can two bodies at different pressures be in thermal 
equilibrium with one another ? If you think so, quote 
an example. 

Is a saucepan of water steadily boiling on a stove a case 
of thermal equilibrium ? 

Would a universe in complete thermal equilibrium be an 
interesting place to live in? List the ways in which it 
would differ from the aciual universe. 


Give several examples familiar in every day life of (a) 
work being converted into heat, (b) heat being converted 
into work. : 

Describe qualitatively how the first law of thermodynamics 
can be applied to (a) warming 2 poker ia a fire. (6) boiling 
away a saucepan of water on 4 stove, (c) the boy scout 
method of lighting a fire by rubbing together two sticks. 


A balloon containing helium gas 1s punctured and the 
helium diffuses throughout the whole room. How does 
this illustrate the Second Law of Thermodynamics 2 

What do you understand by a reversible process and an 

irreversible process? Give three examples in each case, 

(a) What is a reversible cycle ? 

(b) Describe the Carnot's cycle, Is the efficiency of 
the cycle dependent on the nature of the workiag 
medium ? 

Describe a Carnot's engine. Draw the PV indicator 

diagram for a cycle of its operations between two gives 

temperatures and deduce from it the thermal efficiency 

of the engine. [A.LS.S.C, 1986] 


Explain .— 
(i) No engine can be more efficient, man the reversible 
Carnot engine. 


(ii) The efficiency of all reversible engines workiag between _ 


the same two temperatures depends only on the 
temperatures of the hot and cold bodies. 


21. 


22. 


25, 
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What do you understand by absolute scale of temperature ? 
Show that it agrees with the ideal gas scale. 


State the laws relating to (4) the radiation and ii) the 
temperature of a radiating body. 


What is a black body? What are the characteristics of 
a black body radiation? How has a black body been 
Tealised in practice ? 

Show tha, the radiation in a uniform temperature enclosure 
¢spends only on the temperature of the enclosure and not 
on the material of which it is made or on the presence. of 
any other bodies in the enclosure. Why is such radiation 
called “full radiation” and why is it the same as “black 
body radiation'”” 

(a) Descrii: 2 sensitive instrument for the detection and 

Measurement of radiant heat. 


(6) What are the principle points of resemblance and 
difference between radiant heat and visible light ? 


Define emissive power and absorptive power. Deduce 
that at any temperature the ratio of the emissive power to 
the absorptive power of a substance is constant and is 
equa] to the emissive power of a perfectly black body. 


explain Kirchoff’s Law concerning the relation between 
absoiptive and emissive powers of a body ? Discuss 
some of its important applications. 


In what respects dues the radiation from a black body 
at 2000K differ from that from a black body at 1000K ? 
How would you devise a black body to radiate at 1000K ? 


(a) How may the distribution of energy in the spectrum 
of the radiation emitted by a black body be investigated 
experimentally ? 


(6) Draw labelled curves which show how the energy 
in the spectrum of the radiation from a black body 
varies with wavelength at various temperatures, 
List the various points that emerge from the curv ss 

‘Delhi Senior Sec. 1980) 
; [4.1.S.S.C. 1986] 

(a)State (/) Stefan’s Law ; (ii) Wiens Dispiatement Law. 

(6) Howcan we derive Newton’s Law of cooling from 

Stefan’s Law. Mention the practical applications of these 

laws. 

(c)How Wien’s displacement law is used to determine the 

temperature of the Sun ? [A:1.S.S.C.' 1986] 

{a) What is a Pyrometer ? Mention the principle on which 
it works. How does it differ from (i) a mercury thermo- 
meter and (ii) 2 U:ermocouple ? 

(b) Mention the uses and the drawbacks of a Pyrometer. 


Discusss a method that has been 1sea to measure hizh 
temperatures in the neighbourhood of 2000K . 
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Write short notes on :— 


(i) Internal Energy of a system 
(ii) Carnot’s refrigerator — 
(iii) Frauchofer lines 
(7) Nature of thermal radiations 
Apply the first law of thermodynamics to obtain :— 


(i) an expression for the change in the internal energy 
duting the melting process. 


(ii) an expression for the change in the internal energy 
during the boiling process. 


(iii) Co—Co=R where the symbols have their usuaj 


pac anuiae: (Delhi Sentor Sec. 1980) 
Discuss whether the following phenomena are reversible 
(i) Electrolysis, (ii) Rusting of iron, (iii) Water fall, 
(iv) Mixing salt with water, (vy) Frictionless movement, 
(vi) Conduction of heat, 


Why does a piece of red glass, when heated to 1000K and 
taken out, glow with a green light ? 


(i) What is ice point on Kelvin scale? If the temper- 
ature of a body fall by 1°C, what will be the change 
in temperature on Kelvin Scale ? 

(ii) Cana refrigerator be employed as a heat pump to 
heat a house in winter ? 

(iii) Radiant energy with wavelength longer than that of 
visible slight produces heat. What about shorter 
wavelengths ? 

(iv) A green house keeps plants warmer. Explain 

PROBLEMS 


(Take J==4.18 joule/catorie unless specified otherwise.) 
A water fall is 500 m high. If the whole of the energy 
of water remains in it, how much hotter is the water at 
the bottom than at the top ? (J=4,2 joule/Cal.) 


(1.167 K) 


A lead bullet strikes a target with a velocity of 630 ms-? 
and the bullet falls dead. Calculate the rise in temperature 
of the bullet, assuming that 25% of - ee peeve is 
i ing the bullet. (Sp. heat of lea i 
used in heating the bulle! _ (Sp (393.75K) 


Four moles of an ideal gas a: 375K is compressed isother- 
mally from an initia] volume of 7.5 litres to a final volume 


of 1.5 litres. Calculate the work done on the system. 
(—2.006 x 10 J i.e., work is done on the system) 


2 kg of water at 100°C is converted into steam at the same 
fetigeratare, The volume of 1 cm* of water changes to 
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1671 cm? of steam on boiling. Calculate the change in the 
internal energy of the system, if the latent heat of vapori- 
zation of water is 540 cal/g (10.799 x 10° cal) 


For each adiabatic process find the change in the internal 
energy (i) A gas does 167.2 J_of external work while 
expanding adiabatically, (li) during an adiabatic compres- 
sion 167.2 J of work is done on the gas. 

(—40 cal ; 40 cal.) 


Compute the efficiency of a Carnot engine operating 
between 450K and 300K. If this engine takes 500 000 J 
from the source, how much work does it perform ? Q 

(33.3%; 1.6 x 10° 3) 


In a Petrol engine the rate of production of heat duc to 
the combustion of the fuel is 5x10* calories / hour. 
The efficiency of the engine is 30%. Calculate the horse 
power of the engine. Given J=4.2 joule/calorie and 
1 H.P.=746 watts . 

(2.346) 


A Carnot refrigerator tukes 60K cal from a_ freezing 

chamber at 250K and rejects heat at 300K. How much 

work must be done ?. How many calories are rejected ? 
(50160 J; 72 k cal) 


Wavelength corresponding to Eos for the sun is 4753 A°, 
Compute the temperature of the sun. Given that Wien’s 
constant = 2.884 x 10-8 m. deg, 

(6067 K) 


To what temperature must a black body be raised in order 
to double its total radiation if its original temperature is 
1000 K ? 
(1190.5 K) 
A spherical body diameter 2cm is mamtatned at 873 K. 
Assuming that it radiates as if it were a black body, at 
what rate is energy radiated from its surface? Given 
o=5.735x 10°? Wm-*K~, 
(41.86 Js-*) 


In a refrigerator heat from inside at 277 K is transferred to 
a room at 300 K. How many joules of heat will be 
delivered to the room for each joule of electric energy 
consumed ideally ? 

(13.04 J) 


The temperature of a tungsten filament in an incandescent 
lamp is 3000K. Find the surface area of the filament of 
100 by i EE emissivity of the filament is 0.30. 
datas a 5 (7.175 x.10-* 0) 


Unit 6 
LIQUIDS 


6.1 INTRODUCTION 


We know that the molecules in a liquid aye in constant motion 
(Kinetic Theory of Matter), but they do not posgess cnough energy to 
overcome the strong attractive forces due to the rest of the molecules. 
They are therefore unable to escape out of the liquid. They exist 
asa fluid aggregate. This gives a definite volume to@ liquid but 
does not give any definite shape. Liquids, therefore, conform to the 
shape of the container. It is difficult to compress @ liquid. - 

Such curious effects are associated with the surface of @ liquid 
which we shall study in this unit. : 

Like gases liquids can flow readily but their rate of flow is 
much lower. How fast a liquid can flow depends on the internal 
friction known as viscosity. We shall study the flow of liquids ia 
this unit as well. 

6.2. GENERAL IDEAS OF INTERMOLECULAR FORCES : 

A comparison of the densities of a substance in the solid, 
liquid and gaseous states gives us an idea of the cistance between 
molecules in the three states of matter. The distances between 
molecules in the solid and liquid states are found to differ only sligh- 
tly, nq more than several per cent, while in gases the distances (at 
not very high pressures) were about ten times as great. Hence, the 
molecules in liquids and solids are said to be closely packed. Owing 
to close packing liquids and solids are much ‘ess compressivie than 
gases. The compressibility of liquids and solids is only about one thou- 
sand to one hundred thousandth of that of gzses.This is evident from 
Table 6.1 which lists the density and compressibility of certain liquids 
and solids at the same value of the surplus pressure (P20 atm). 


TABLE 6:1 


Substance Density ¥Compressi- Substance Density Compressi- 
(kg m-*) bility kgm-* bility 


“Water (0°C) 999.9 48.9%10-? Copper 8930 -0.73.x 10" 
Ice (0°C) 916.8 40x10" Alumi- 2690 1,.37x 10-4 


nium 
Ethyl alco 790 76x 10-"* Diamond 34600 0.23x 10" 


hol (15°C) . : 
Mercury 3545.9 3.8X10-"" Graphite 2300 «3.0 x10°* 


(20°C) 


bigp S 


(6.1) 
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An analysis of data on the compressibility of liquids and solids 
and also of many phenomena. (wetting of solids by liquids etc.) indi- 
Cates that there are considerable forces between molecules. They 
ae called molecular forces These forces possess many interesting 

eatures, : 


_ As the molecules move away from each other molecular inter- 
action is manifested in the form of forces of attraction ; when brought 
together to distances of the order of the linear dimensions of the 
molecules themselves, interaction takes the form of forces of repul- 
sion. Consequently, there is a definite distance between the molecu- 
les where the forces of attraction and repulsion balance each other 
and their resultant equals zero. A system of molecules located as 
distance d from one another is in a stute of stable equilibrium and 
their interaction energy is minimum. 


Molecular forces are displayed only when the distance between 
the molecules is very small, e., of the order of the effective size of 
the molecules themselves. When the distances are increased by several 
times, the forces become practically equal to zero, This explains 
why the action of molecular forces can be neglected in most cases in 
analyzing phenomena in gases where distances between molecules are 
about tenfold those in liquids and solids. 


The magnitude of the molecular forces does not depend upon 
the total number of molecules. Thus the density or elastic pro- 
Perties of liquids and solids do mot depend upon the size of the 
test piece, a drop of water and water in the ocean have exactly the 
same density and compressibility atthe same temperature and 
external pressure etc. In this, molecular forces differ in principle from 
gravitational or coulomb forces in which the resultant ts determined 
from the action of all ‘he bodtes making up the system. The reason 
why molecular forces act only between adjacent molecules will be clea- 
red up as folluws : 


Careful research conducted by many scientists in the first half 
of the 20th century has led to the conclusion that molecular forces 
are of electrical origin 

On the tace of it such a conclusion may seem ‘strange because 
we know that molecules are neutrai and_tiat electrical interaction is 
typical only of charged bodies. However it has been shown that 
electrical interaction is developed between dipoles : neutral particles 
with a symmetrical arrangement of charges, which are equal in magni- 
tude but of opposite sign (Fig 6.1). This enable us to understand the 
nature of the electrical interaction between molecules. Molecules 
having a dipOle moment induce a dipole moment in neighbouring 
Molecules The force of attraction between them is inversely pro- 
portional to the seventh power of the distance between the molecules 


( ie. F xy) 


This provides an explanation for intermolecular interaction in teal gas- 
es known as Vander Waal’s interaction or forces. Interaction between 
induced dipoles is the simplest case of molecular attraction. Actually, 
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forces ot attraction between molecules may also be due to various 
other causes ; which are beyond the scope of this book. Any rigorous 
theory of molecular forces must be based only on quantum mecha- 
nics. It was found, however, that in all cases the force of molecular 
attraction was inversely proportional to the seventh power of the 
distance between the molecules. 


Fee saa(i) 

Here the minus sign indicates that we are dealing with a force 
of attraction and‘a’is a factor depenaing upon the structure of the 
Molecules and the kind of attraction force berween them. 

Experiments in the compression of bodies show that forces of 
Tepulsion appear between molecules that are brought close together. 
These forces are also of electrical origin. It was found that here the 
forces of eee between positively charged nuclei begin to play an 
“ssential role. Besides, quantum mechanical effects , are manifested, 

_ Which are also beyond the scope of our book. 

As the molecules are brought close together, the forces of 

Tepulsion vary rapidly, much faster than the forces of attraction. 
-tan be expressed approximately as . 


F rep.=2- wa(ii) 


Here the factor b depends upon the same things that factor a 
; s. A more accurate formula is obtianed in quantum mechanics 
_ but we shall not concern ourselves with it here. 


Naturally, the molecule is subjected to the action of the 
fesultant force 
: F=Fot+Frey 


pe saa(dity 
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The sign of this force depends upon the distance between the 
molecules. A certain distance known as normal distance r=d exists at 
which the repulsion forces counterbalance the attraction forces. It 


follows from equation (iii} that F=O if d=] = 


: When r<d (i.e., the distance between the molecules is less than 
the normal distance) the resultant force is positive i.e., the repulsion 
force exceeds at traction. 


When r>d, the opposite is true: attraction is stronger than 
repulsion and the resultant force is negative. 


It can be shown that at ro=d me =1.134 d molecules are 
attracted to each other with a maximum force Fags=— aa 


{Fig 6.2). At r=1,5d, the force of attraction is reduced to about $ 
of the maximum value ; at r=2d, to about x and at r=3d to 


almost as small as rT . If the distance is reduced to r=0,9d, the 


force of repulsion is F,,275 | Fmoz | and at 0.7d, it is equal to 140 
a) . Thenature of intermolecular forces has been shown in 
ig, (6.2). 


—— e 
Repulsion (F>0) 


( Force between the molecules) 


Fig. 6.2 Nature of Intermolecular forces 
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Such a strong dependence of the force on the distance signifies 
that mofécular forces are short ranged: molecules interact on with 
their closest neighbours. The molecular forces are (i) attractive at 
large distances and (ii) have necessarily to be repulsive at very close. 
distances. If the molecules are represented by closely packed spheres 
(Fig 6.3), which, in general, conforms to the packing of molecules in 
many liquids and Solids. the central black molecules in Fig (6.3), 
interacts only with the first laver of moiecules surrounding it. With 
an error not exceeding 6 per cent we can neglect the interaction of the 
molecule with the second layer, and, all the more, with the third and 
subsequent layers. 


This is what explains all the features of molecular forces—in 

' particular, the independence of the magnitude of the molecular 

forces from the total number of molecules in the system and the 

lack of molecular interaction in gases (except when they are under 
very high pressure). 


_ 6.3 NATURE OF LIQUIDS 


_ The combination of the intermolecular forces and the thermal 
Motion gives rise to three states of matter ie. solid, liquid and 
Bas. In solids the attractive forces are quite strong. and thermal 
motions cannot break them away. Molecules may stay at one place 
ed vibrate. In gases the intermolecular attractive forces are 60 
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weak that random thermal motion can very easily overcome them and 
_ molecules are almost free to move about anywhere. Liquids fall in 
Between these two cases.. For the sake of simplicity a liquid is some- 
times visualized as a dense gas. The molecules in a liquid are 
‘neither forced to stay permanently in an equilibrium position nor they 
ate free to leave the company of other molecules A molecule inside 
aliquid can slide freely over others without any effort. 


' Liquids, however, differ very widely in the time which they 
take to yield to the deforming forces. Water and alcohol, for exam- 
ple, take up the shape of the vessel in which they are placed with 
_ great rapidity ; honcy and pitch take much longer. 


_ 6.4 COHESION AND ADHESION 


The force with which like motecules attract each other is called 
Cohesion. As explained above, cohesive forces which hold the 
molecules of a liquid or solid are in part at least of electrical 
origin and do not follow an inverse square law. Within the solids 
the forces of cohesion are very large since the molecules are close 
together. The cohesion forces are léss for liquids and least for 
gases. This is the reason why solids have got definite shape, liquids 
definite free surface and gases have neither. We can thus define a 
liquid as 4 state of matter in which the molecules can change their 
position with respect to each other but are restricted by molecular 
forces or cohesive forces so as to maintain a fixed volume. If we want 
to convert a liquid into vapour, we have to supply an extra amount 
of energy and to separate two molecules the energy supplied to them 
shovid at least be equal to the intermolecular interaction Energy. The 
attraction of unlike molecules is called adhesion. At the common 
surface of two different substances unlike molecules attract each 
other. Glue adheres to wood, solder adheres to. brass. The forces 
between the molecules of glass and water are called adhesive forces, 
It is the force of adhesion between the molecules of honey and finger 


» basin we have to overcome when we exert to lick the honey off the 
ioger 


6.5 SURFACE TENSION : 


We know that liquids when in small quantities always ass 
spherical shapes. For example, rain drops, dew drops, Bronints of ies 
cury are all spherical [Fig 6.4 


Hy0 Hg Hg _ (a)]. However, when liquids 


are in somewhat large quan- 

o ®@ Ep titiese.g, mercury Fig 6.4 
a) b {b)). the shape is oval and not 
spherical. The reason is that 

ib et when liquids are in small 


quantities, external forces 


a such as gravity actin 
them are negligibly small whereas they are appeecabie ‘hes Tiquids 


are in large quantities. Thus, we conclude that when liquids are in 
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small quantities and free from externa} forces, they assume spherical 
Shapes And as for a given volume the surface area of a sphere is 
minimum, it means that a liquid Sree from externai forces tends to 
have least possible surface urea, i.e. spherical shape. 


The students might have seen small insects running about on 
the surface of water in ponds. Again, if'you place gently a séwing 
needle on the surface of water, you 
will find that it Moats even when it 
is eight times heavier than water 
(Fig 6.5). The experiment becomes 
easier to perform if the needle is 
slightly smeared with oil or grease. 
On watching closely the surface of 
water is found to be depressed Slight- 
ly under the needle in the same : 
Way as a thin rubber sheet will do Fig. 6.5 
when needle is placed over it. The : 
place where the surface is depressed, the forces of cohesion between 
water molecules give rise to testoring forces, equal and opposite to the 
weight of the needle, tending to restore the horizontal surface, It is 


From this we conclude that free surface of a liquid behaves like 
an elastic membrane under tension, tending to contract so as ‘to have 
minimum surface area. This behaviour of a liquid surface suggests 
that there exists a force in the surface of the liquid which tends to 
shrink the liquid surface to have minimum area. 


The phenomenon by. virtue of which the Sree surface of a liquid 
behaves like an elastic membrane under tension tending to contract so 
as to have minimum surface area is called Surface Tension. 


In order to define surface tension of a liquid, consider an imagi- 
nary line AB drawn in the free surface of 
the liquid (Fig 6.6). The molecules baa 
just on its one side :ry to pull away rom 
= molecules lying just on the other side 
in order to decrease the surface area. 
Hence surface tension is measured as the 
Force per unit length acting on either side of 
@ line in the liquid surface in equilibrium, 
the direction of the force being tangential 
to the surface and perpendicular to the 


line. 
If F is the total ferce acting on 
Fig. 6.6 —~either side of the line AB of length J, 
then, 
Force FF 
Surface Tension o= Tength Sh G 
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The unit of surface tension is mewton/metre (Nm?) in SE 
system and dynes / cm: in C.G.S. system. Its dimensions are 
MT-*. 


The value of surface tension depends on, among other things, 
the temperature of the liquid. At 20°C, for water o=72.6x10-* 
“Nm? and for mercury ¢=46510-* Nm ? 
Molecular theory of surface tension : -- The molecules of a liquid 
attract each other with a force called the force of cohesion. It dec- 
Teases as the distance between the 
molecules increases. The maxi- 
mum distance up to which force 
of cohesion between two molecu- 
les can act is called their molecu- 
lar range. \t is of the order of 
10-° m being different for differ 
ent substances. A sphere drawn 
with the molecule at its centre 
Fig. 6.7 and having a radius equal to the 
nolecular range is called the 


Sphere of influence. 


First consider a molecule A lying well within the liquid (Fig 6.7) 
It is attracted equally in all directions by molecules lying within its 
sphere of influence. Hence the reiultant cohesive force acting on it is 
zero. 

Now consider a molecuiz B, whose sphere of influence lies par 
tly outside the liquid. The.number of molecules in the lower half 
attracting it downwards is more than the number of molecules in the 
upper half attrac.ing it upwards. Hence there is a resultant down- 
ward fozce of cohesion on it. 


The sphere of influence of the molecule C lies exactly half out- 
side the liquid and half inside it. This mouecule has the maximum 
downward force of cohesion acting perpendicular to the surface. 


If we draw,a plane RS parallel to the free surface PQ at a 
distance equal to its molecular range then the layer of liquid between 
these two planes PQ and RS is called the Surface film. All molecules 
lying in this surface film experiences a resultant downward cohesive 
force which increases as we go from the planes RS towards the free 
surface, If any molecule is brought from within the liqujd to this surface 
film some work is done against the downward cohesive force which 
increases the potentic! energy of the molecule. Hence the potential 
energy Of the molecules lying in the surface film is greater than 
the potential energy of the molecules lying below. But a system in 
equilibrium always tries to have the lowest possible energy. Thus. in 
order to decrease potential energy of the molecules in the surface 
fifm the area of the film must be the least. Since, for a given volun.e 
a sphere has the cast surface area, the free surface of the liquid 
tends to assume 4 spherical shape. This makes the surface of the 
liquid to behave like a stretched membrane giving rise to surface 
tension. 


Examples of surface tension : (i) It has already been stated that 
due to surface tension the free surface of a liquid tries to have the 
minimum possible area. For a given Volume a } 
sphere has the least surface area. Hence the f 
liquid assumes a spherical shape. That is why 
the rain drops and tie mercury globules are 
spherical in nature. Ordinarily the effect is not 
so marked due to the force of gravity. If how- 
ever, the force of gravity is elminated, the liquid 
will assume a perfcetly spherical shape _ This 
can be shown by Platau’s experiment. If a large 
drop of olive oil is introduced in a mixture of 
alcohol and water having the same density as 
Olive-oil, the drop assumes a perfectly spherical 
shape (Fig 6.8). It is because the upward thrust 
of the mixture on the drop is equal to the down- 
ward gravitational force acting on it and hence é > 
the effect of gravity is eliminated and the drop Fig. 6.8 
assumes a perfectly spherical shape. 


(ii) The tendency of a liquid film to contract due to the surface 
tension can be shown by the following experiment. Dip a circutar- 
wire frame in the soap solu- 
tion to form a thin soap-film. 
Place ‘a. wet cotton locp on 
the film. The loop adopts an 
irregular shape. because the 
soap film lies both inside and 
outside the loop and at every. 
point of contact of the loop, 
there is a force acting oute 
wards at the surface of the 
film and an equal and oppo- 
site force acts inward due to 
the inside film. There is there- 

“Fig, 6.9 fore, nd resultant force acting 

on it due to surface tension. 

If the film inside the loop is pierced with a sharp needle it vanishes. 

The film outside the loop iries to contract and pulls the loop 

equally at all points so that the loop assumes a circular shape 
because for a given perimeter a circle has the greatest ares. 

(iii) If a soap bubble is blown at the end ofa thin glass tube, 
and allowed to stand for some time, it gradually shrinks in volume. 
This shows that the surface tension acting on the surface of the 
bubble tends to reduce the surface area to a minimum. 

(iv) When a camel-hair brush is dipped in water, the individual 
hair get separated and project in different direction, As soon as it is 
removed from the water the hair are found to be drawn together ds if 
the hair are now connected by a stretched membrane. 

(v) Different liquids have got different values of surface tension. 
When a drop of oil or spirit is placed on the surface of water the 


—, 
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sutface tension decreases considerably. The oil drop is pulled in all 
directions until it spreads over the entire surface. This is because the 
surface tension of oil is much less than that of water. The greater 
tension of water stretches the oil in all directions. This can be further 
shown by a simple experiment. [If a needle floats over the surface of 
water and a drop of oil is poured Close to it the needle is drawn away 
from that spot. 


(vi) Umbrellas, raincoats, tents and canyas have tiny holes in 
tnem. Inspite of this, when rain falls the water does not pass 
‘through the pores. This is because the surface tension of water 
see it trom passing through the fabric unless the inside is 
tou 


Sarface-en : The surface of a liquid is in a state of tension 
and the force of surface tension tends to decrease the surface. If the 
area of the liquid surface is increased, work is done against the surface 
‘tension. This work done is stored as the potential energy in the 
surface. Consider a rectangular wire frame’ PQRS in which the wire 
PO is movable. Dip the wire in the soap solution. A film is formed 
witch oa the wire PQ inward due to surface tension by a force 
given by 

s x 2 
wits g isthe surface tension of the film and/is the length of the 


wire PQ. The length is taken twice because the soap film touches the 
wire above as well as below. 


Fig. 6. 10 


The film is stretched by a small distance x to the Position P’Q’ 
Keeping the temperature constant. Then the work done is given by 


oX21xx. 


= c 
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But 21!xx is the total increase'in area /\s of the soap film on 
both the sides. Therefore 
work done=s x increase in area=o. AS 
or — work done per unit areassa 


This work is stored as the surface energy in the soap film. 
Hence surface tension is numerically equal to the surface energy pet 
unit area of the surface. This way it is measured in Jm=*. 


Fig. 6.11 


Tn aetual practice the force acting on the frame of wire can be 
measured as follows : 


A carefully cleaned wire frame, in.the form of 2 rectangle about 
$cm long and 2 cm high (Fig 6.14) is suspended from one arm of a 
sensitive balance. A  bevker of water is placed such that the wire 
frame hangs in water with the top about 3 mm above the surface of 
water when the bean is horizontal and the balance is counterpoised. 
The beaker is then raised a little so that the frame is completely under 
the surface of water and then lowered carefully. _ The portion of the 
frame outside water now carries a film of water and more weights are 
required to restore equilibrium. Let this additional weight be m gms. 


The ‘film of water has two surfaces, front and back. The 
downward force on the frame (parallel to the film and normal tc the 
wire above water) exerted by the film neglecting the weight of the 
film raised, is 2c! dynes, where | is the length of the fratae (parallel 
to the surface of water in the beaker). This is balanced by the added 
weight mg dynes. 

Thus 2cl—=mg 


gua 
a les 7 


This experiment-illustrates the action of surtace tension and its 


‘ qmeasurement in a simple manner. 


The concept of surface tension as energy. per unit area affords 
us an explanation why small drops of liquid are spherical. The 
potential energy-of a system always tends to assume a minimum value 
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for stability. - For a given volume the spherical shape provides the 
minimum surface area and hence the minimum potential energy in the 
“case of a small droy. whose weight is negligible. Large drops become 
flat (as in the case of a small pcol of mercury) as centre of gravity 
must also fallin order that the P.E. duc to gravity may also be small 
and that the total P. E. may be the minimum. 


‘Example 6.1: 


A sphere of water of radius one mm_ is sprayed into 1€00 drops 
all of the same size, Find the energy spent in doing so. Surface 
tension of water is 72 dynes/cm. 


Solution : 


Radius of the sphere R=1 mm =0.1 em 
Surface area of the sphere 4nR?- =4nx (0.1)? sq. cm 


Volume of the sphere= 4. w Ric 4 (0.1)? c.c 


Since the sphere is broken into 1000 drops all of the same size 
of radius t 


Volume of each=-$ ar? 


or - 1000x Fert 4 (0.17 
(10 1)? =(0.1) 
r =0.01 cm 
Surface ayea of small drop=4n(.01)? sq. cm 
Total area of 1000 small drops= 1000 4x (.01)* sq. cm 
=4n (1) 
Increase in surface area=4nx.1—dnx (.1)? 
=4r x 0.09sq. cm. 
The Energy spent =o increase in area 
=72 x 4x x .09 
=81.4 ergs. 
_@7 ANGLE OF CONTACT 
ft so carly Cn is Stet the pan of contact 
We its sides vertical, water is drawn Up and assumes a curved 
bos x pepiseres : gi . (a), On the other hand if the same 
en. hut is depressed below the ry a 
. (t). The angle @ bewween the tangent 10 the liquid surface at og 
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point of contact and the solid surface inside the liquid is called 
the angle of contact for that pair of solid and liquid. 


(a) (bd) 


Fig. 6.12 


The angle of contact between mercury. and glass when air is 
above mercury is obtuse being about. 140°. It is an acute angle in 
the case of water which wets the solid surface. For a pure water 
and a clean glass the angle of contact is zero, whereas for ordinary 
water it is about 8°. The angle of comtact between paraffin and 
water is 107°, between methyl iodide and glass 29° and between 
silver and water 90°. 


In general, we find that liquids which wet the surface of glass 
rise along’ the surface and angle of contact is acute. On the other 
hand those liquids which do not wet the surface of the glass e.g., 
mercury the angle is obtuse and liquids are depressed. 


For dying sometimes we use wetting agents. They are added 
to make the angle of contact between the fibres and the dye small 
so that dye may penetrate well. On the other hand for water proof- 
ing waxy substances are added to create large angle of contact bet- 
ween the water and fibres. 


Determination of angle of contact: For mercury and glass 
the angie of contact is determined by the following simple method 
due to Gay Lussac. The apparatus consists of a round-bottomed 
glass-flask filled more than three-fifth of it with mercury. Its mouth 
is tightly closed with a rubber-cork through which a glass rod is 
passing. The glass rod is moved in or out until the surface of the 
mercury in the flask is plane. This can be tested by holding a 
printed sheet of paper against the flask and observing its image by 
the light r-7ect-d at grazing incidence from the mercury surface. If 
the image is undistorted the surface of mercury is plane. The mercury 
surface in the flask forms a circular sheet of radius AC=r. It will 
be half of the diameter AB which can be measured bya pair of 
callipers.- Let R be the radius of the flask also measured by’ the 
callipers. Referring to Fig 6.13 (a), we have é 


cos¢ == 


Rubber fube 


(b) (a) 


Fig. 6.13 


If we draw a tangent AD to the sutface of the glass at the 
int A, then the angle of:contact @ for mercury and glass is given 
by the angle CAD. 


Angle of contact @= Z CAD= 7 CAO+ZOAD 
= ‘ +90°. 


A more convenient method of adjusting the level of mercury 
in the flask is as shown in the Fig 6.13 (b). In this case the level of 
the mercury can be raised or lowered by moving the reservoir T 
connected to the flask by a piece of rubber-tubing. 


6.8 CAPILLARITY 


The word capillar- literally means as fine as a hair and thus 

8 capillary tube is a tube of very fine bore. Take a capillary tube 

( leg at both ends and dip in waterjhe water will rise in the tube. 

oad only eed we — Eads boa wet the surface of the glass 

Tise in it. en dip this tube in: mercury, the mercury is 
epzessed below the outside level. ; 6 . a 


his phenomenon of rise or fall of a liquid in « tube of very 
narrow bore is called capillarity. The rise and fail of the liquid can 
‘bs cyplained on the basis of the difference in the values of cohesion 
and adhesion and surface .tension. In case of water the force of 
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adhesion between glass and water is greater than the force of cohe- 
sion between molecules of water. Thus water rises up till the 
downward weight of the water in the capillary tube above the outer 
surface of water in the vessel balances the upward force due. to 
surface tension acting along the line of contact of water and glass 
the capillary tube. In the case of mercury, the force of cohesion 
between mercury molecules is greater than the adhesion between 
mercury and glass, mercury is therefore, depressed in the tube. 


Mercury 


Fig. 6.14 


‘Smaller the radius of the capillary tube the greater is the rise 
or fall of the liquid in it. 


Examples of capillarity : (i) The rise of oil in the wick of the 
lamp, the rise of sap in plants, or the rise of melted wax in a can le 
or the absorption of ink by blotting paper are familiar examples of 
the capillary action. 


(ii) Bricks and mortar are porous and get damped by the water 
of the soil rising through them by capillarity. This is:avoided by 
laying a layer of cement concrete over the brick foundation.. This 
layer is called damp-proof. 


(iii) Capillary action plays an important part in farming. In 
compact porous Soil, water rises to the sueface by capillarity and 
evaporates. To prevent this loss, the soil’ 1s loosend and broken 
up into small pieces so that the spaces between the pieces become 
large and rise of water tothe surface, by capillarity is avoided. 
This operation is very essential in dry-farmiag. 


6.9 SHAPE OF MENISCUS IN A CAPILLARY TUBE 


We know, that the liquid meniscus in a capillary ‘tube is 
concave for a liquid like water and convex for a liquid like mercury. 
To explain how it happens, consider a molecule A on its. surface 
per the walls of the glass tube. It is acted upon by the following 
two forces. - 
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Fig. 6.15 


(i) The outward force F, acting along AB at Tight angles to 
the walls of the tube at A, due to the Force of adhesion exerted by 
the’ molecules of the glass tube. 


(4i) The inward force Fa acting along AC raking an angle of 
45° due to the force of cohesion exerted by other molecules of the 
liquid. The reason for it is that the molecule at A is pulled along 
AD by the molecules in the surface, -along AB by the molecailes 
vertically below it with the same force and along directions between 
AD and AE by other molecules. The resultant of all these forces 
due to cohesion is therefore inclined to tle vertical at an angle 
of 45°. 


The direction of the resultant R of the forces F, and F, depend 
upon the magnitudes of F, and Fy. ~ 


: sire Es 
(a) If =F, sin 45 WES 
The resultant R acts vertically downwards and hence the liquid 
surface AD remains horizontal as shown in Fig 6.15-(i) 


- b) RT i 


The resultant R lies outwards and hence the liquid surface AD 
becomes concave as shown in Fig 6.15 (ii) 


t Fo 
© If rae 


The resultant R lies inward and hence the liquid surface AD 
will become convex as shown in Fig 6.15 (ii) 


: This is because a liquid cannot permanently withstand a shear 
ing force. Its surface, at €very point, will set itself at tight-angles 
to the resultant force there when the liquid attains the position of 
"equilibrium. 
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In the case of water and also other liquids which wet the walls 
the meniscus is concave as given by Fig 6.19 (ii) and in the case of 
mercury and other liquids which do not. wet the walls, the meniscus 
is convex as given by the Fig 6.15 (iii). 


6.10 NEUMANN’S TRIANGLE 


If two liquids, not miscible 
with each other, be brought into 
contact as at 0, (Fig 6.16), both 
being in contact with air, three 
surface tensions are to be taken 
into consideration. 

_ @ that of the surface between 
air and liquid 1, viz., 0; ; 

(5) that of the surface bet- 
ween air and liquid II viz., oo ; p 

and (c) that between liquid I Fig. 6.16 
and liquid 11, viz.,os. 


For equilibrium ¢,, ;, and ¢, should be represented by the 
three sides of a triangle, taken in order. This triangle of forces is 
known as Neumann’s triangle. In actual practice, we come across 
no two pure liquids for which the ‘Neumann’s triangle may be con- 
structed,—one of the surface tensions being always greater than the 
other two ; so that the equilibrium condition shown in the Fig. (6.16) 
is néver attained. 

Neumana’s triangle and the Angle of Contact : 
(Case of a solid, liquid and vapour in contact) 


Let ogy, Szy and ogy, be the surface tensions for solid-vapour, 


liquid-vapour and solid-liquid surfaces respectively (Fig 6.17). Let 6 
be the angle of contact of the lianid with the solid—acute in case Fig 
6.17 (a) and obtuse in case Fig 6.17 (0). 


Fig. 6.17 


For equilibrium, therefore, ost plus the component ory cos@ of 


6,,,, in the direction of ost, must.be balanced by Ggy /.e.. 


Ggi+SxLy COSd=ssy 
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or | Cty C08 O=¢sy—asr, whence 
SES RUE a FONG Ea 

| Csv—Os. 
bee | 


; Seed 
Clearly, therefore, if cay is greater than ost, cos @ will be Positive i.e, 
6 will be less than 90°. and if sv 38 less than asx, cos9 will be 
negative, and @ will lie between 96° and 180°, If however, 
Osv> or -+-oar, there will be no equilibrium and the liquid will spread 
Over the solid as happens when a water drop is placed over a per- 
fectly clean plateJof glass, or a grease free mercury surface, 


Excéss of Pressu ension : 
face of the] liquid is Plane, Fig (6.18) (#), the surface tension acts 
horizontally And’ its formai- component is zero. Thus no extra 


downwards which 80 to increase the Pressure inside the liquid. 
Similarly when the surface is: concave, Fig 6.18 (iii), the pressure 
inside: the liquid is decreased. Thus there is always an excess of 
Pressure on the concave side. The excess of pressure depends upon 
surface tension and tadius of Curvature. 


(i) (ii) (iii) 
Fig. 6.18 
Exeess of Pressure inside a spherical érop—Considér the 


equilibrium between the left and the -right hemispheres constituting 
the spherical drop shown in Fig (6.199, 


Fig. 6.19 
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Let P,, P, be the pressures inside and outside the drop and let 
a be the surface tension. 


The right hemisphere pulls the left hemisphere towards’ itself 
with a force 2nra, where r is the radius of the drop. This force is, 
exerted on account of the surface tension on the surface of the right 
hemisphere, which acts along the circumeference, as shown in the 
figure. This force is balanced by the thrust (P,—P.) sr? exerted on 
the left hemisphere towards the left on account of pressure 
difference. In calculating this thrust we have taken into. account the 
area of the plane circular face of the hemisphere and not the curved 
surface on which the excess pressure actually acts. This is becanse 
the vertical components of pressure at different points will cancel 
each other, as is clear from the figure, while the horizontal components 
add up. The effective area on which the horizontal components ac 
is the projection of the curved area in a direction normal to the 
horizontai pressures, which is the area, mr®, of the circular interface 
of the two hemispheres. 


Thus oX 2ar= (P; ~ Pe)nr* 


Thus the difference of pressure (P) is inversely proportional to 
the radius. 


Excess Pressure inside a spheri- 


cal bubble ;: In this case there are two 
free surfaces of the right hemisphere I" 


which pull at the left hemisphere, 
as shown in Fig (6.20). . 
Force due to surface tension 
= 20x. 2nt=4nor 


For equilibrium, 


4nor=*(P,—Ps)t 
 By-Py eo Nm ay 
or P=40/r where P is excess of 
pressure. Fig. 6.20 
Alternative Proof : 


Suppose the radius of the bubble is increased by a small value 
dr. To do so work is done on the bubble. It is equal to the product 
of excess Of pressure and the volume swept. If dw be this work, 

dw= (Py—P,)X 4zr*. dr. ergs 
- ‘The increase in surtace area, ds due to increase dr in the radius, 
taking into account both surfaces of the bubble is given by 


ds=d (8m r*) (*.° surface area 3 =4n r*) 
ds of one surface 
rf Peon ds—16nr.dr 
Increase in potential energy 
=16nr dre. 
By the principle of conservation of energy, 


16x r drs=(P,—P,) 4m r? dr. 


as before 


It follows from this result that if the surface tension (a) remains 
constant, the pressure difference (P) is larger for smaller values of r. 
Due to this large internal pressure, tiny fog drops have rigidity 
properties like those of solids. For the same reason it is easier to 
walk on wet sand than on a dry one. Ice skaters slide over the 
surface of smooth ice because under the enormous pressure exerted 
on the ice, ice melts and the tiny drops act as ball bearings. 


Example 6'2: 


Find the difference in air pressure between inside and. outside 
of a soap brbble of 4 mm in diameter. (o=1.6 Nm-). 


Solution : 
Herer = Sa 2mm = 0.002m 
o= 1.6 Nm” 


Since excess of pressure Pat for a soap bubble 


4x 1.6 
P= 9002 
or P = 3200 Nm-? 


Example 6.3 : 


A glass tube of 2 min bore is dipped vertically into a container 
of mercury upto a certain depth.What should bethe depth of glass 
tube in mercury, in order to blow off a hemispherical bubble: at its 

~ lower end if the gauge pressure is 80 cr of mercury. (¢=0.49 Nm-* 
and-g= 9,8 ms~*). 


. 
| 
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Solution : 


Let x be the depth of the glass tube in mercury, P be the 
gauge pressure, r be the radius of the bubble, p be the density of 
mercury and @ be the surface tension. Then 


2o 
£ 


2x 0.49 
001 


or x+=0.79 m 
§.12 HEIGHT OF LIQUID IN A CAPILLARY TUBE 
(i) Rise on the basis cf Pressure difference : 


P= 


+XPE 


0.80 x 13600 x 9.8: +x X 13600 x 9.8 


0G =R, radius of 
meniscus 


(a) {b) (c) 
Fig. 6.21 


Consider a Dasa (ay water) of surtace tension o in a capillary 
tube of radius r. the meniscus is everywhere spherical (as it will 
be in a very narrow tube), then the radius of the meniscus will be 
equal to the radius of the tube if the angle of contact is zero. 


When the tube is first placed in the liquid of density p, the 
curvature of the surface makesdownward pressure at D just below the 
meniscus /ess than that at E, which is atmospheric Fig 6.21 (a). 
Liquid will flow into the tube because of this pressure difference and 
capillary rise occurs. 


Let Pa, Ps, Pc, Pp and Pr be the pressures at A, B, C, D, and 
E respectively Fig 6.21 (b). We have, once equilibrium is 
established, 
Pa=Ps -- (i) 
(i.e, on pressure difference across a 
flat surface). 


or Pa=Pp+heg | «=(ii), 
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where h is the equilibrium capillary rise (neglecting the effect of. 
diquid contained in the meniscus) ‘ 


Also, excess of _ Px—P. _2¢ 
pressure i aaa (iii) 
But Pe=P, as both are atmospheric pressure 


which is constant if we ignore the 
presseure due to the column AE 


of air. 


From’‘(ii) and (iii) 


2 
h ee=—* 
26 
hws (iv) 


This expression (iv) holds strictly for tubes in which the meniscus 
is everywhere spherical i.e. for fine bore tubes. 


~ If, however, the angle of contact fs @ then the radius of the 
meniscus (R) will not be equal to the radius of the cupillary tube (r) 
as shown in Fig 6.21 fc), Here the radius of the meniscus 


R=r sec 6-° : 
The excess of pressure (Pu-~ Pp) is given by 


2c_ 26 _2«cos @ 
 ifavan eat param By 


Therefore from eq. (ii) and (y) 
2c cos@ 


Ee 


or | na Zee? | .-(vi) 
Surface Tension (0)= PEE «-: (vii) 


; The? same expressions (vi) & (vii) hold for capillary depression 
(4) ie. when the capillary tube is put in mercury. 


From (vi) 


rh= 22 = o constant 
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.___ .This means that the height upto. which a particuler liquid 
fises in different capillary tubes depends upon the radius of the bore 


( re) « The liquid rises to a greater height in a narrow tube, 


If the effect of liquid contained in the meniscus is taken into 
account then eq. (vii) takes the for: 


r ea( nt +) 
°= —Yeos 6 


wp bs a 
because capillary rise will becom: h+* gre 7 =(h+$n). 


(ii) Rise on the basis of Balance of. forces : When one end of the 
glass capillary tube of radius r dipped into a liquid (say water), then 
the liquid level rises in the capillary tube to a height h above the level 
of the liquid outside the tube, Fig (6.22). The Meniscus of such a 


Fy. 0.43 


iquid i cave in shape and is almost hemispherical, Then ZPAC 
pal inate. of contact hevweei the liquid and the material of the 
capillary tube. The force of surface tension, c, acts along the tangent 
to the liquid surface inside the capillary tube (along AC) at every 
point of contact between the liquid Surface and the capillary tube. 
Tn this case all the points of contact will lie on the circumference of 
the circle of diameter AB. This force of surface tension acting on 
the liquid molecules along the circumference of the circle of diameter 
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AB gives rise to a reaction force o, as marked: in the diagram, along 
the circumference of the circle of diameter AB. Resolving this force 

_of reaction into two rectangular components, o cosé and o siné acting 
along vertical and horizontal diréctions respectively. As the reaction 
acts along the circumference of a circle of diameter AB, so (i) total 
upward force is (2n rxXo cos 6) and this balances the downward 
weight of the liquid column of height h inside the capillary tube ; and 
(ii) the hotizontal components sin 6 cancel each other. 


In rX @ cos 6=weight of the liquid column of height h. Volume 
of the liquid column in the capillary tube above the liquid 1 evel= 
(Volume of the cylinder of height bh and radius r)+ (Volume of 
the cylinder of height r and radius r)—(Volume of the hemisphere 
of radius r). 


=ant? har 4 a a 
eae 
=ni( n+) 


it p be the density of the liquid, then weight of the liquid 
r 
Pp ee 


column supported =nr? ( 3 ) eg 
In equilibrium, 
f I 
2nte cos 6=" #( ++) eg 
( s+ )ee | 


3 


co 


. 2 cos 6 


As a is always positive. so for the pair of liquid and solid if 
§>90° then h must be negative i.e. in such case the liquid would be 
depressed in the capillary tube. 

Further, we also see from the above equation that for a pair of 
liquid and solid, if the diameter of the capillary tube is decreased 
the height of liquid (h) in it woufdincrease and vice versa. 


For pure water and glass @==O 
(ue) 


3 eg 
o=t 5) 


_————. 
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613 CAPILLARY RISEIN A TUBE OF INSUFFICIFNY 
LENGTH : 


As derived before 


ne hegr __ _heg (R cos 6) 
2 cos 6 2 cos 6 


= begR 
2 
where R is,the:radius of the meniscus and h is the height of the liquid 
columin in the tube. 


eed 
hR a8 constant 


Now, with tne tube sufficient!y longer than h, itis the value of 
h alone that changes to satisfy the .bove relation for p. But, if the 
tube be smaller than the calculated value of h, the only variable in 
the above relation is R. because now H=I. the length of the tube (a 
constant) and so is 9a constant for the given liquid and the tube. 
The liquid thus just spreads over the walls of the tubs at che top and 
its meniscus requires a new radius of curvature R, so that Rif 


=28_or Ryle R.h—a constant (Ri> R) 
eg 20 where r=racius of capillary, if the height is Jess 


Since Pgr sec 9 than hthe angle of contact or (@) will inerease. 
6.14 DETERMINATION Of SURFACE TENSION BY CAPIL 
LARY RISE METHOD: 
The surface tension of such liquids for which the angle ,of 
contact with glass is acute /.e. tney wet glass, can be determined by 
this capillary rise method. 


ESS GaN A 


Ta ee el 


Copillary ral et Rubber band 
tube 1 
WE Knitting 
5 ; needie 
Fle OE 


= Bal gs = 
Lh hh hh Mhnhhahal 


Fig. 6.23 
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Uniform capillary tubes of different bores are taken and washed 
first with caustic soda and then with tap water. These tubes are then 
dried. Three such capillary tubes along with a knitting needle are 
fixed parallel to one another on a mirror strip by means of a rubber 
band. The lower end of the knitting needle is slightly higher than 
the lower ends of the capillary tubes. The liquid is taken ina glass 
vessel and the mirror strip attached with the capillary tubes is so 
held in a clamp stand, that 

(i) the lower end of the capillary tubes dip into the liquid, 

(ii) the Capillary tubes and kaitting needle are vertical, and 

(iii) the lower tip of the knitting needle just touches the liquid 
surface. 

Then with the help of a travelling microscope find the readings 
of the horizcntal part of the concave meniscus of the liquid in the 
different tubes, [hen the giass vessel containing the liquid is removed 
pently without disturbing the rest of the apparatus, and the reading 
pf the mitroscope corresponding to the lower tip of knitting needle is 
foted: Subtracting this from the readings for the meniscus of various 
capillary tubes we get the height of the liquid column, (h), in various 
capillary tubes. 

The capillary tubes are cut perpendicuiar to the length at the 
position of the liquid meniscus. The internal diameter along two 
motually perpendicular position is measured with the hip of the 
travelling microscope. The mean diameter and, hence radius (r) of 
the capillary is then determined. The value of the density (p) of the 
liquid «t the reem temperature and the angle of contact (#) between 
glass and the liquid is determined frem the table of constants. Then 
the surface tension (9) of the liquid is determined by the formula 


T 
2 cos 9 


The following precautions are taken while performing this 
experiment in the laboratory : 


(1) The bore of the capillary tubes should be uniform. 


(2) The capillary tubes should be clean and dry before starting 
the experiment. 

(3) The tubes once dipped in the liquid should not be taken 
out of it as air. bubbles might enter them. 

(4) All the capillary tubes along with the knitting needle 
are to be adjusted such that they are parallel to each other, 
vertical and closely placed so that the microscope readings 
corresponding to the liquid levels and the tip of the knitting 
needle is determined without disturbing the apparatus. 

(5) The internal diameter of the capillary tube is determined 
in mutually perpendicular directions by cutting the tube 
perpendicular to its length at the place upto which the 
liquid has risen. : 
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6) Densi Nas : 
(6) : psoas os liquid be noted corresponding to the room 


6,15. EFFECT OF CONTAMINATING A LIQUID SURFACE 


(i) Place two matches parallel to each 
th 
Fas ence ene in a clean pass ish ‘Allee a 
olution or alcohol t ween 
el a sy He hte ‘0 fall on the water bet them, 


{b) 


Fig. 6.24 

(ii) Rub one end of the match stick with soap. Now place it 
on the surface of the water contained in a fairly wide trough and 
watch what happ2ns to it. You will find that the match stick starts 
moving immediately in one direction only and that isin such a way 
‘that the ead that i, not ra’9d2d with soap is always in front (Fig 6.24) 
Any attempt to make it move in the opposite direction will fail. The 
reason is that the soap at the end of the stick immediately 
dissolves in water, thereby lowering the surface tension at that end of 
the match stick. The surface tension at the other end being now 
greater pulls the match stick and makes it move in that direction 

uatil the whole surface is coyered with soap solution. 


These observations show that ¢ontaminating a liquid surface 
reduces the surface tension. For the*same reason if some small pieces 
of camphor are scattered on to the surface of water in a clean dish, 
they dart about on the surface in a very lively manner. 

6:16 EFFECT OF TEMPERATURE 


Sprinkle some flowers of sulphur and lycopodium powder on 
the surface of water in a flat metal dish. With a small bunsen 
flame heat one side of the dish and observe what happens. The 
floating particles are swept away from the heated portion. 


This experiment indicates that surface tension diminishes with 
rise in temperature. 

Example 6-4 : 

A U-tube with limbs of diameters 5.0 mm and 2,0 mm contains 


water of surface tension 7.0 x 10-> Nm-!, angle of contact zero and 
density 193. kgm-*. Find the difference in levels (g= 9.8 ms~). 
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Solution : 
If the menisci are spherical they will be hemispheres’ since the 
angle of contact is zero ; their radii will then equal the radii cf the 
_limbs. The pressure on the concave side of each surface exceeds that 


on the convex side by-28. when cis the surface tension andr is 


the tadius of the limb concerned. Let p be the density of the liquid. 


Fig. 6.25 


Now 1==2.5mm=2.5x107*m 
and) ra=Imm=1.0x 10m 
Hence from fig. (6°25) it is clear that 


Sipe o2K 70X10 
Pe Ps 5x10 56 pascal 


P,=P—5S6 where Ps=P=atmospheric pressure 


—2x7.0x 107 
Also. Pp Pe Ox 10-3 = 140 pascal 


. Pe=P—140 (: Po=P) 
Pa-—Pc=(P—56)—(P—140) 
=84 pascal 
But Pa=Pe-+htg -shere h is the difference in levels 
Acg=P, —Pc= 84 


or h=8.4mm 
Exorpta 63: 


A mercury barometer tube is 3mm in diameter ‘alculate the 
erro, in resding the barometer due to surface salon: “Aaa 


— =. 


pS TR TTD 
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contact of mercury with glass =130° ; surface tension of mercury is 
0.49Nm- ; density of mercury =13600 kgm-* and g=9.8 ms“. 


Solation ; 
Hi re radius of the tube=r=1.5 mm= 0015 m 
a28 cos @ 

reg, 

2X 0.49 x cos ‘130° 


0.0015 X 13600 x 9.8 

20.49 x (—0.6 428) 
0.0015 x 13600 x 9.8 

=—0.00315m. 

—ve sign indicates that the reading of the b meter is lower 
0,00315m. pak the bere 
6.17 FLOW OF LIQUIDS 

Streamline flow : The flow of a liquid is said to be streamlined or 
orderly if the particles of the liquid move along fixes paths known ay . 
streamlines and the velocity of the particles passing one a ‘ter the other 
through a given point ona stream line remains unchanged in magnitude 
as well as direction at that point. 


Fig. 6.26 (a) represents streamline flow through a straight tube. 


If a small granule of.colouring matter, like potassium permanganate, 
were held at P, the streamline will be marked by a fine streak. 


h 


Stream line flow Turbulent flow 
(a} {b) 


Fig. 6.26 


Fig. 6.26 (b) represenis turbulent flow of a liquid through @ 
straight tube. A colouring granule placed at P in this case will colour 
uniformily a considerable portion of the water flowing along the tubs. 
In this case eddies are formed in the liquid and the velocity of a water 
particle passing througa a point is not the samc as of the particle 
which preceded it 

A streamtine in general follows the shap2 of the tube through” 
which the liquid flows, Thus it may be straight or curved and what- 


ever the shape it remains fixed in position. 

A tube of flow consists of a number of streamlines forming 2 
tube. The liquid in one tube flows quite independently of the liquid 
flowing in a neighbouring tube. 
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The necessary condition for streamline flow is that the velocity 
of flow should be less than a certain critical velocity depending upon 
the nature of the liquid and radius of the tube. The more viscous a 
liquid and smaller the radius, the higher is the critical velocity. 


In the case of a straight streamline no force acts upon it in a 
ditection perpendicular to the direction .of flow. In a curved tube 
of flow, the change in direction is due to resultant force acting on 
it towards the centre of curvature (centripetal force). It means that the 
norma] pressure, P; acting on the convex boundary is greater than 
. that; .°2) acting on the concave boundary fig (6.27). 


The velocity of streamline fiow in a ibe of varying cross 
section :— 


Let A and B be two different sections of a tube of flow having 
areas a; and ay. Let ¥,, vs respectively be the velocities of flow through 
these sections. 


Fig. 6.27 


__ The distance travelled by a p:rticle of the liquid crossing section 
A in a small time 82 is v.82, Considering all the particles crossing the 
sections in this time. 


Fig. 6.28 


Volume of liquid crossing 
A=a, v; 81, 
If e, is the density of the liquid at A, mass of liquid crossing A 
=P, a, ¥, St 
Similarly, in time 3¢ 
mass cf liquid crossing B= pe ay ¥2 8f 
‘where ?2=density of the liquid at B 
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By the law of conservation of matter, since there is no accumu— : 
lation\ of mass anywhere in the tube. 
0, G, Vy 8L= Pp le Ve St 
Ay ay Vy=Pa Gy Ye 
For a liquid, since it is almost incompressible. 


Fi: =P2 
1G; Vr =4,"2 


: rs 
or be ees 


This is called the equation of continuity for streamline flow of a 
liquid. 
we have 


expat 
Vg==V, a 


If a,<a,, evidently 
Wy>M 


Thus the velocity of flow increases as the channel becomes. 
narrower and vice versa. 


6.18 TOTAL ENERGY OF A LIQUID 


The total energy at any point in a Bowing liquid is of three kinds:: 
(a) Pressure Energy : (b) Potential Energy an (c) Kinetic Energy 


(a) Pressure Energy: The energy possessed by a liquid by 
virtue of the pressure acting on it is called pressure energy. ‘ 


By virtue of the pressure ex- 
perienced by a liquid it is able to 
do work, say in driving a piston 
P against an external resistance, 
Let &’te the area of cross section 
of the piston and let 8x be the 
distance moved by it. 


Force acting on the piston 
==pa, where p is the pressure on 
the piston- transmitted by the 
liquid. 


work done by pa=pa, 8x Fig (6.29) 


But a 8x= volume swept by the piston 
=by 
work done =p. dv 
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By the law of conservation of energy, this work is cquieatert bee 
the energy contained in volume 8v of the liquid on account © i 
pressure, i.e, its pressure energy. : 


pressure energy in volume dv = p. by 


3 By 
pressure energy per unit volume = . 3 


=p 
It is usual to express pressure energy for unit mass of a liquid. ~ 
Let p be the density of the liquid. 


mass | 
Then volume of unit mass aaah TP 


pressure energy per unit mass = = 


(2) Potential energy: The energy possessed by a liquid by 
virtue of its elevation above some arbitrary datum level is called 
potential energy. 


When.a iiquid of mass m is raised through a_height A work 
. done on it, against gravity ismgh. This is stored in the liquid as 
potential energy of the liquid. 


Potential energy of mass m af the liquid = mgh. 
Potential energy per unit mass =gh. 


(c) imetic Energy: The energy possessed by q liquid by — 
virtue of its motion is called kinetic energy. ; 


Kinetic energy for. mass m =} myv'. 
where v is the velocity of flow. 
Kinetic energy per unit mass <=}y* 
Thus total energy per unit mass at any point of a flowitg liquid 


= al 
pret 


6.19 BERNOULLI’S THEOREM AND ITS APPLICATIONS * 


Consider a tube of streamline flow Ab, rig (6.30), of a liquid 
density p. Let the heights of A and B above ground level be 

hy and he respectively, Let a1 2nd a, be the areas of crosssection 
of A and B and py, p, be the pressures and v,. v, be the velocities oF — 
flow at these. points. 


Let &m, be the mass of liquid crossing the section A in time 8f. 
on, =Pa,y, 8. 


Let Big, be the mass of liquia crossing the section B in the 
same time oy. 
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Ground tevet 


Fig. 6.30 


.". Ong pigs Bt. 
As no accumulation of mass takes place anywhere, 
8mm, = Beny= 8m 
ayy, B= tm = 42 St 
The force acting on section A~a,p;. 
Work done by force a, p, in driving mass $m across section A 
= force x distance 
= apXry. 3 
oa om . 
e 


Work done by liquid in driving a mass om through section B 
against the pressute p, or force a; ps 


=a2pav,.dt 


ae 

Net work done by the pressure forces in driving mass 8m 
8m 

——3—— 


pars ? 
~(2—* pm. 
e e 
Now potential energy of mass. 8m at A=8 ngh. 
and potential energy of mass dm at B=8mgh, 


change in potential energy © =8mg(h,—h,). 
Similarly change iz kinetic energy of mass 8m=43m (v;°—y,") 
Total change in energy of mass ’m=dmg(h,—h,)+-48mlv,°—y,”). 
This must be equal to the net work done on mass 8m as found 
already. 


ie. (4- Ps Vam= Benet hy —hy)+ 28m(v,2—V;2) 


Px ote es ses vt 
ot sit—5 = oa a 


Thus total ‘energy at A== total energy at B. 
This is called Sernoulli’s Theorem. It is stated as follows : 


The total energy at different points in an ideal liquid, undergoing, 
streamline flow, remains unchanged. 

Note: In an ideal liquid there is supposed to be no viscous 
drag between the neighbouring tubes of flow nor is there any friction 
offered by the walls of the tube on the liquid When these conditions 
are satisfied, all the particles of the liquid in a section of the tube 
Of flow possess identical velocities (In actual practice the vélocity 
‘of flow is zero at the walls of the containing tube and maximum at 
the centre on account of the viscous forcés and friction) 


According to Bernuolli’s Theorem, 
Eteht t= constant. 
Dividing throughout by g we have 


oes 
eg 
3 All the terms in this 1elation have dimensions of length shown 
low : 


2 
+h+ a= 
Te constant 


30 MLS =L 
eg = MLSLT — 
Ba ee 
Meee ee 
hk =L 


pom 
aE is called pressure read ; 


f is called gravitational head, and 


vy? 


7g is called velocity head. 


ans 
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Thus Bernouili’s Theurem can also be stated as follows : 


At ali points clong a streamline of an ideal liquid the sum of 
ag je head, the gravitational head and the velocity head remains 
constant. 


Bernoulli’s Theorem can. also be written as 


p+egh+4ov?=constant 


Which gives total energy per unit volume 
p is called static pressure, and 
tev? is called dynamic pressure. 


Torricelli’s Theorem: The velocity of efflux of 4 liquid through en 
orifice is equal to the velocity attained by a body in falling freely from 
the free surface to the orifice. This result was first obtained ‘by 
Torricelli in 1644 and is known as Torricelli's Theorem after his name. 


Proof: The proof of Torricelli’s theorem is easily afforded by - 
Bernouili’s theorem as shown below : 


Let the free surface, A and the orifice, B, be at heights /y and 
hz from ground level, Fig (6.3! ). Let p be the atmospheric pressure 
and tet p be the density of the liquid. 


Let Ay— hy =h=the height of A above B. 

When the liquid flows out through B let its velocity bev. As 
the area of the free surface of the liquid in the vessel is very large as. 
compared to the area of the orifice, the velocity of the liquid at A is 
negligible and can be regarded as zero. 


Ground level 


Fig. 6.31 
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Applying Bernoulli’s theorem to points A and B, we have total 
energy per unit mass af A=total energy per unit mass at B. 


P+ ght Om + ght, 


taking the pressure afthe orifice to be also atmospheric. 
1. ghy=ghy tty. 
Thus, whereas the. potential energy at the orifice is less than 
that at A’ the kinetic energy is correspondingly increased. 
qv'=g(h,—h). 
sgh. 
vera/2gh. 


In the case of a body let fall freely from level A to level B, ‘the 
height traversed =h,—hy=h. The velocity, v’, at B is given by 


v'==2gh. 
v= / ghey. a 
Thus the velocity of efflux is the same as if the particles of the 


Sane had fallen freely through height 4 and then ejected through the 


Verification : (1) Let us suppose the tank contains water. The 
path of the ejected water will be a parabola. As 4, is the height 
of the orifice from ground level, the time taken by the water to fall 
to the ground will be given by 


hy=t gt* 
Sis . taf 


_ The horizontal distance travelled by ejected water in this time, 
ie. its range is given by 


Sapnne ae J 28 
=2V i, 


which enables us io verify Torricelli’s theorem. 

(2) If the ejected water is directed vertically upwards by a jet, 
it wil! rise nearly to the level of water in the tank. The resistante of 
the air and orifice and viscosity of water do not allow the water to 
tise exactly to the level of water as expected from Tofricelli’s 
theorem. 


Ventur| Meter: It is an instrument for measuring the rate of 
flow of a liquid. It consists of two wide tubes A, B joined by a 
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narrow tube C known as the throat, A and C are fitted with manome 

ter tubes as shown in Fig (6.32). The apparatus is interposed 
horizontally in the pipe in which the flow is to be measured so that 
the potential energy of the liquid mav be the same at all points along 


the axis of the venturimeter. 


Pig, 6.32 


Let aj,as be the areas of cross-section of tubes A and C and let 
Vp Ya be the velccities of flow of the liquid through these tubes. If V 
be the volume of the liquid flowing through any section in one 
second, thea 


V=ayyy= 4" 
Va=Vi “2 


As a34a;, 

4 Wg>V,, 

Thus the velocity of flow through C is much greater than that 
through A, as the throat is quite narrow. 

if ps and p, be the pressures in A and C and p be the density 
of the liquid, then be Bernoulli’s theorem, 


oer Ve on 
B+ Ht gh'= Ps ++ gh 


where A’ is the height of the axis of the venturimeter above ground 
level. 
pi—Pa=(v2"—v1") 
As. vas, © 
é Pix<Ps 
The manometers connected to cue tubes A and C indicate the 


rcssures, pr and p2 respectively. As Pr is greater than p,, the level 
of liquid fa the manometer of A will be higher than that of C.Let 


the difference in levels be 4. Then 
Bi Pa= hes 
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geh=4 P(v,2—y,") 
or hg=3 (v2—1"). 


But y= — 


aint) 


aX a, 
= VA ana 
2 ai*® a: 


ai? a,* 


Be 
J. V?=2gh oF—as" 


or Va Vg Sh 


uaa 
a\—a 


=kV/h. 


where 


Thus VowV/h 
Knowing a1, a, and g, the constant k for the meter may be 
calculated once for all cnd hence V can be calculated fir any value 
of h. 3 


Pifot’s TuberIt is an arrangement for measuring the velocity of 
tiow ina liquid. Its working is also based on Bernoulli’s theorem. It 


Fig. 6.33 


consists of two vertical tubes AB anc CD, Fig (6.33) with small 
apertures at their !ower ends dipping in the liquid Aowing in the pipe. 
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The aperture of the AB is parallel to the direction of flow of the 
liquid.and that of CD is normal to it, If » be the velocity of flow 


2 
Kinetic energy per unit mass at Bus - 


Pressure energy per unit mass at B= 4, Say where ¢ is the 


density of the liquid. 


The aperture at D being normal to the direction of flow, the 
liquid is suddenly stopped in its plane and hence kinetic energy per 
unit mass at aperture D will be zero. Let Ps be the pressure at this 
point. Then } 


pressure energy per unit mass at Daf 
As potential energy per unit mass remains unchanged for 


horizontal flow, we haye by Bernoulli’s theorem, for a streamline 
through B and D, 


Pi vw Ps 
Pa any a 
yrny PPL 

P 


2 being greater than py, the level of liquid in the tube CD. will 
be higher than that in AB. Let h be the difference in levels, 


Pa = heg 
vind, ME 29h 


J ye gh 


Filter Pump or Aspirator: It is a simple device for Teducing 
the pressure in a vessel and works on Bernoulli's principle according 
to which pressure decreases if the velocity of flow increases, 


The apparatus consists of a wide tube A. Fig, (6.34), carrying 
a tapering tube- B at the top. Thetube B ends intoa jet, 4 
tube C with tts cross section increasing downwards is fitted to. the 
lower end of B and atube Tis fitted to the side. The tube T is 
connected to the vessel to be exhausted and water is poured into the 
tube B from a top. As the area of cross section at the inner end of B 
is very small, water issues out of it with a very high velocity and hence 
at a very low pressure. On account of the low pressure at the nozzle 
of B, air rushes towards it from the vessel through the side tube Tand 
is carried away by the stream of water down the discharge tube POF 
The pressure in the vessel can thus be made te fali to about2cm of 
mercury au a short time. : 
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,_Air from 
vessel tobe 
exhausted 


Fig. 6.34 


On account of the conical shape of tube C with diameter 
increasing downwards the velocity of flow of discharged water 
decreases and therefore the _ressure increases and the tendency of 
the outer air to rush into the tube through C diminishes. 


The Atomizer or sprayer : Atomizer, illustrated in Fig (6.35) is 
yet another application of Bernoulli’s principle as applied to air. Air 


— Rubber bulb 


Fie. 6.35 
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is blown through a jet tube T by compressing a rubber bulb fitted 
the end of the tube. While rushing out of the narrow aperture 0 
of tube T, air acquires a high velocity and hence the pressure in the 
vicinity of O is greatly reduced. Since the nozzle O lies directly above’ 
the nozzle of a vertical tube A dipping in the liquid in the vessel B.. 
the liquid rises up on account of the difference of pressure and issues 
out of the aperture at the top where it is blown into a fine spray by 
the air stream issuing out of O. 


The Bunsen burner, Fig. (6.36) sucks in air through the air hole 
on the same principle. As the gas issues through the jet hole inside 
the air hole a low pressure zone: is.created in its vicinity and air is 
sucked inwards. 


Further llestrations of Bernoulli’s Theorem : 


(1) Liftimg 2 Disc: A tube T carries a disc A at its lower 
end Fig 6,37.(a). Bis a carboard disc placed below it. On blowing 
air into the tube a low pressure area is created, by a Bernoulli’ 
principle, between ‘the two discs when air flows out rapidly throug! 
the narrow space between the two discs and the external atmos 
pheric pressure pushes the disc’B up. 


Air hole’ 
Gas 


Fig. 6.36 


Similarly when two ping pong balls are suspended side by 
side and air 1s blown up through the space between the two, the 
air flows rapidly through the narrow space between the balls and 
the pressure falls. The atmospheric pressure from the sides brings 


the balls together. 


rrangement in Fig. (6.37) (6) illustrates a similar effect 
in Pe aly a ping pong bail in a funnel. When air is blown inte 
the stem, the ball is sucked up by the difference of pressure. 
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Air 
Air 
at 
aR TDY & MeagersEs 
(a) 
: Fig. 6.37 
(2) Magnns Effect : 


P When a sphere spins rapidly in air, the air surrounding it is 
also set into rotation in the same direction on account of friction of 
the sphere, formiag concentric stream lines as shown in Fig. 6.38 (a). 
On the other hand if the sphere moves linearly the streamlines are 

as shown in Fig. 6.38 (6). If the sphere is moving linearly as well 
48 rotating the strtamlines at the top due to both types of motion 
are opposed to each other and those below are in the same direction. 

fhe velocity of air flow is therefore, greater below than above the 
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Fig. 6.38 


Fig. 6.38 


Sphere. Sincetan increase in vleocity is accompanied by a lowering 

of pressure, the pressure on the lower side will be less than the 

pressure above aad hence a resultant force acts upon the sphere at 

right angles to linear motion in the downward direction. This acts 

as a centripetal force and the sphere moves along a curved path. 

This is called Magnus Effect. A cricket ball bowled with ‘an initial 

spin in the hand, a tennis ball struck out of centre and a pistol bullet 

show this"teffect. It is to avoid Magnus effect that for distance 

shooting the bullets are given cylindrical -shape and they are given an 

initial spin about their axis inside the barrel of the gun by guiding 

them along a screw thread inside the barrel. In this case, as the, 
streamlines due to rotation are at right angles to the streamlines due 

to linear flight the-velocity of air flow and hence pressure at the sides: 
is uniform and therefore the’ flight is straight. 


(3) Streamlining ; When a body moves through a fluid (liquid 
or air) there is a relative flow ofthe fluid with respect to the body, 
For simplicity consider the case of a spherical body moving horizon- 
tallylthrough still air, Fig (6.39), with a small velocity y. } 


Laminar flow 
{a} 


Fig. 6.39 
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Stream ine flow 
(c) 
Fig. 6.39 


The stream lines of air fi in the figure, divide 
symmetrically in front of the sphere and then combine ; i 


behind the sphere. Energy is expanded in averc, 
the air and in carrying some of mass of air in front of the sphere, 
Such a flow is called ‘laminar’ flow. The retarding force in this case, 
is proportions} to the velocity, Or 


Sf @ y, 

; At higher values of v, the Streamlines 

" Wated in Fig. (6.39) (6). The streamlines in this case divide symmetri- 
cally ‘n front of the body but they d immediately behind 

the body but at a certain distance from it. On the front surface the 

fluid is stopped momentarily (with Tespect to the body) and therefore, 

the pressure is great, At the back, due to hio velocity of flow, a- 

zene of low pressure is created which suck air into it—a 

Phenomenon which is known as sail Suction is tai i 

two ways : (1) It gives 1 
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fluid from the sides rushes into it and (2) it tends to drag the body 
backwards. The eddies tend to reduce the pressure still further 
behind the body thus helping to increase the drag. Thus more energy 
is expended in overcoming the extra forces so produced. This type of 
fluid flow is called ‘turbulent’ flow and in this case the retarding force 
is proportional to the square of velocity. Thus 

fev. 

By shaping a body to the streamlines of the fluid through. which 
it has to move, Fig. 6.39 (c), the retarding force may be considerably 
reduced. In that case the tendency to’ form eddies or vortices is 
greatly reduced and the body, as it were, slips through the fluid with 
a minimum disturbance. This is called streamlining. The bodies of 
airplanes, torpedoes, ships, bombs and automobiles are stream-lined to 
avoid wastage of energy in movement through the fluid, especially if 
they are to travel at high sp<eds. The man riding a race-bicycle 
bends his body forward in order to have a streamlined shape. 


Lift on%an aircraft wing : 


Fig. (6.40) shows the cross section of the wing of an aircraft. 
When the aircraft moves, the air flows both from under and above 


L 
P, 


Py 
Fig. 6.40 


the wing. Aeroplane wings are so designed {i.e., st amined) that the 
total distance travelled by air flowing over the bl is longer than 
that of the air flowing under it. Thus, the velocity of air flow above 
the wing must be higher than the velocity of air flow under 
the wing. From Bernoulli's Theorem we see that the pressure P, 
above the wing is lower than the corresponding pressure P, under the 
wing. The unbalanced pressure causes a | force to act on it. This 
force can be resolved into two components—the vertical component 
produces the lift L and the horizontal component provides the 
drift D. 

(4) Carburettor : The function of the carburettor is to deliver: 
to the cylinder of a petrol engine a correctly proportioned mixture of 
petrol (in vapour form) and air. It is based upon Bernoulli’s 


principle. 
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Fig. (6.41) shows the principle of a simple type of carburettor, 
butit must be remembered that the instruments used in practice are 
much more complicated, especially those in aeroplanes, which are 
fequired to function under variable conditions. 


Fig. 6.41 


Petrol from the fuel tank enters the float chamber or the carbu- 
rettor and fills it up to a predetermined level, generally slightly below 
the level of the jet and to keep the petrol at this level a cylindrical’ 
float is fitted inthe float chamber. A hole passes axially through 
the float to contain the needle, which is tappered at its lower end. 
Near the top of the needle are fixed two small fevers, called les 
pag 4s shown, with their weighted ends resting on the top of the 

loat, When petrol rises in the chamber, the float rises, 
forcing up the weighted ends of the levers with it. This action 
CF hapriheearpok ys shuts off the supply of petrol from the tank. 

the petrol level drops, the needle is raised again and more petrol 


Connected to the passage from the float chamber is the jet, 
which is a short tube in a throttle barrel with a hole at its uy 
end carefully bored to an exact size. A constriction called the choke is 
Placed in the lower part of the throttle barrel and the throat of the 
choke ig arranged to be at the discharge end of the jet. 

._, When the piston in the petrol engine moves downward, it causes 
air to enter through the intake to pass through the choke. Here 
is velocity is increased by the throat and hence its pressure is reduced 
below the atmospheric pressure according to Bernoulli’s Theorem. 
Since the air above the petrol in the float chamber is at atmospheric 


Thus a uniform mixture of petrol vapour and air asses up. the 
throttle chamber into the engine cylinder, The quantty of iitore 
passing is controlled by the throttle valve. 


Example 6.6: 


A garden sprinkler bas 150 small holes each 2.0 mm® in area. If 
water is ape at the ate of 3°OX 10? my? e+, what is the average 
velocity of the spray ? 
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Seletien. 
Volume of water per sccond 
from sprinkler= Volume supplied per second 
=3X 10%m's™ 
=total area of sprinkler holes x Average Velocity of spray 
=300 x 10-*Xe 
Therefore average velocity 
of spray (v)= a 
=10ms~* 
Example 6.7 


Water flows horizontally through a pipe line of varying cross 
section. If the pressure of water equals 0°05 m of mercury at a point, 
where the velocity of flow is 28 cms~*, what is the pressure at ano’ 
point, where the velocity of flow is-0°7 ms-* 

Seletien. ; 
For 2 liquid flowing horizontally, Bernoulli's Theorem gives 
Pip tuta th pow where P,, v, are the pressure 
aad velocity of the liquid at one point and Pe, #3 at the other point. 
Here 
P,=5 cm of Hg=0'05 x 13600 x 9°8 Nm=* 
Py Poh (say) m of Hg 
wh x 13600 x 9°8Nm-* 
90°28 ms-* 
v9==0°70 ms- 
p= 1000 kgm-* 
9 1 
0:05 = 8 + Lowy 
ahx ban 98 ae (709 
.. h =0'04845 m of Hg. 
6,20 LAMINAR FLOW AND VISCOSITY 
If a liquid is at rest the pressure is the same at 
said ed rnin win tree Whee the liquid is in motion, Whea 
water flows in a uniform horizontal tube there is a in pr 
along the tube in the direction of flow. ‘fhe reason for fall 
in pressure is that force is required to maintain motion agains 
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friction. This friction is nothing but viscous forces of the 


B Surface “tnt oa 


v+dv 
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Fig. 6.42 


Consider a ap flowing over a horizontal surface in such 
manner that a steady and streamline motion occurs. The velocity of 
the layer in contact with the sur- 


face (bottom) is theoretically zero 
0/ Ep and as the distance increases. to- 
wards the upper surface the velocity 


saga goes on increasing as shown in Fig. 


LE 

ty (6.42). The velocity of a layer is 
fF fav thus proportional to its distance 

i from the stationary layer. Sucha 


flow in which a liquid moves in 


x *x+dx 


(b) layers is known as Laminar flow. 
In such a flow, one layer of the 
Fig 6.42 liquid glides over the other layer of 


the liquid. Imagine a horizontal 
plane inside the liquid. The layer just 
above the plane is moving faster than the layer of the liquid just 
Welow the plane. The force acting on the upper layer tends 
to accelerate the motion of the lower layer, whereas the 
force acting on the lower Jayer tends to retard the motion of the 
upper layer. Thus there are two types of forces which act on the 
layers in opposite directions and consequently the layer of the liquid 
is subjected to somewnat of a shearing stress, But according to the 
definition of liquid it cannot be subjected to shearing stress so in place 
of shearing strain produced the liquid immediately flows and thus the 
shearing stress disappears then an there. But force acting on, each 
adjacent layer tends to destroy the relative motion between the layers. 
This force is called the dragging force ot the viscous force. Since 
force acts between two layers of the same substance it is also termed 
as internal friction, Therefore in order to maintain a relative motion 
between its different layers a force is applied in the direction of flow 
of liquid to overcome the internal friction or the force of viscosity. 
This dragging force is the characteristic of a Particular liquid. “So 
the property by virtue of whick a liquid opposes relative motion between 
“ts different layers is called viscosity.” 
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All gases and liquids possess the property of viscosity. Gases 
offer a smaller resistance than liquids do and possess a smaller 
viscosity. In other words they are moremobile. A perfect fluid 
arp aged mobile i.e,, it should have no viscosity. There is no 
sui ; 


Since the internal friction developed in the relative motion 
depends upon viscosity, this property is utilized in selecting lubricating 
materials for various machineries. Heavy machineries require high 
viscous oil whilst light machineries require low viscous oil, for’ 
example, a cycle requires oil of higher viscosity for lubrication as 
compared to a watch. 

The quulity of foundation pen ink depends largely on its visco- 
sity. The normal circulation of blood through our arteries and veins 
depends on the viscosity of blood. The shape of the ship or the car 
is streamlined to minimise the effects of force of viscosity. Thus 
viscosity plays an important role in our daily life. 


Co-efficient of Viscosity 


Let the velocities of the layers P and Q situated at x and 
x+dx in Fig. 6.42 from A be v and v+-dy respectively and the two 


layers dx distance apart are having a velocity gradient equal to id 
According to Newton’s law the viscous force is proportional to 
(i) Area A of the layer on which it acts 


; dy 
(ii) Velocity gradient ra 


dy 
ie., Fo AR 
Cr Fo—h = wd) 


where 7 is a constant depending upon the nature of the liquid and 
is known as the co-efficient of viscosity. The negative sign 
signifies that the viscous force is in a direction opposite to the 


flow of liquid- 


dy 
If A=1, eee then F=7 

“The co-efficient of viscosity of aliquid can be defined as the 
tangential viscous or dragging force per unit area acting between layers 
of liquid in which unit velocity gradient is maintained in a direction 
normal to the layers and is denoted by let‘er »- 


; 6.50 
Dimensions : 


__ Force/area ee FIA 

4" velocity/distance dvjdx 

— MLT-/L? eens 
L/L Ln itt 


The dimensions of viscosity are 1 in mass, —1 in length and —? 
in time. 
Units . The absolute C. G. S. unit of the co-efficient of viscosity 
is called the “‘poise” after Poiseuille a pioneer experimenter in this 
From equation (i) we get 
1 dyne/\ sq cm 
lem per sec/em 
=dyne per sq. cm. per unit velocity gradient. 


“A co-efficient of viscosity of 1 poise is one that requires a 
tangential force of I dyne for each sauare centimetre of surface to 
maintain a relative velocity of 1 cm/sec. between two planes separated 
by a layer of the liquid 1 cm thick.” Centipoise (1/100 of a poise) is 
the unit of viscosity commonly used 


_The SI unit for coefficient of viscosity is Nm™?xs or Pas or 


kg m™ s-, 
1 poise=10-? Pas 


At 20°C, for water is 1°0x 10 Pas or 0'01 poise while for 
glycerine it is $2x 10 Pas, 


6.21 CRITICAL VELOCITY 


It was shown by Oshorne Reynold that streamline flow occurs 
for small values of velocity v upto a limiting critical velocity v,. He 
observed that there are actually two critical velocities, a lower one at 
-which stream line flow is unstable and turbulence is possible and a 
higher one above which turbulence is inevitable ; ve stands for the 
lower critical velocity. Let the critical velocity vgof the liquid flowing 
through a narrow tube depend on he density p, the viscosity » of the 


liquid and the diameter d of the tube, than the relation can be 
found by method of dimensions as : 


Vem Kpa yy de 


where k is some constant having no dimensions. The dimensions 
of-ve are LT~ ; of y, ML“T-}, of d, L and of density p, ML-3, 


Making a dimensional equation, we get, 
M°LT-!=(ML~)? (ML~T-)” (L)# 
=M*t9 [-"-30+5 TU9 


1 poise= 


le 
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Equating the indices of M, L and T, we have, 
x+y=0 
—y-3x+z—1 
—y=—l 
whence x=—1, y=l, and z=—1. 


Thus the relation is of the form as y= Er where k isa 


number about 1150 (for water). The usual way in which this state- 
ment is put is to combine v, @ and 7 to give a dimensionless pro- 


duct k= rtd which is here called the Reyzold’s number for the 


conditions discussed 
6.22 REYNOLD'S NUMBER 
The Reynold’s number is expressed by a formula 


This can also be written as 


a Pveh | 2 Inertial force _ 
veld force of viscosity 


: This number k which is the ratio of the forces of inertia and 

forces of viscosity is called Reynold’s number. This is so named to 
honour Osborne Reynold, the discoverer of the law of similarity. 
The nature of any particular case of flow of viscous liquid may be 
determined from the value of corresponding Reynold’s number, 

flow of the fluidis said to be /aminar when k lies between 0 and 2000, 
For values of k above 3000, the flow is turbulent. For k between 
2000 and 3000 the flow is unstable and many switch over from one 
type to another. 

Reynold number is a pure number and therefore its nume- 

rical value is the same in any system of units. 


A small value of Reynold’s number means that the viscous 
forces predominate whereas the larger values of it indicate that the 
forces of inertia predominate. If the tube is narrow, the laws which 
hold for small values of k will also hold for all velocities which occur 
in practice whereas if the tube is wide enough, the laws will hold 
good for very small velocities of very viscous liquids. 
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Particle is in equilibrium under the action of the fall of pressure and 
the force of friction. 


When Reynold’s numver is very large, the forces due to visco- 
sity are smaller. A liquid at rest remains in equilibrium under 
two kinds of forces, gravity and difference of pressure. These are also 
Present in the case of liquids in motion. In addition there is viscosity 
(friction) which is to be regarded as a resistance to change of shape. 
As it happens the fluids which are most important in actual 
Practice (air and water) have a very small co-efficient of viscosity. 


6.2? FLOW OF LIQUIDS THROUGH PIPES (POISKUILLE’S 
FORMULA) : 


When a liquid flows through a capillary tube with streamline 
Motion, then the velocity of the liquid layer along the axis of the 


Tube 


Maximum 


| ; | Velocity 


Fig. 6.43 


tube is maximum and gradually decreases as we move towards the 
walls where it becomes zero. The volume (V) of the liquid flowing 
ber second through the tube depends on the following factors : 


~(i) the viscosity (n) of the liquid 

(H) the radius (r) of the pipe. 

(iii) the pressure gradient (+) where P is the pressure differ- 
ence’ across the length / of the capillary tube 


Let V xn 
ocr? 


cer 
or V=Kn?r? (+ ‘ «(1) 


where K isa constant of proportionality and a,bandc are the 
indices, 
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Putting the above equation in the dimensional form, we have 
L? T?=[ML-! Bod fo x {Lx (ML~T~2]° 
Equating the dimensions of M, L & T, we have 


O=a+e 
3=—a+d—2c 
—l=—a—2 


on solving these equations for a, b and c we have 


| a~—] | 


| 


and | c=1 | 
Hence eg. (1) (becomes) 
kPrt 
ie 
al 


By experiment. we find that the value of K is given byz: Hence 


.=.(2) 


This formula is known as Poiseuille’s formula. We can 
compare the viscosities of two liquids or we can determine the 
viscosity of a liquid by using Poiseuille’s formula. 

If V; and V, be the volumes of the two liquids flowing out 
in one secound and %, and 7 are their coefficients of viscosity 
respectively, then from equation (2) it follows that 


Vs 


a 
Vices a" if all other factors P, r and / 
remain unchanged. 


The apparatus used is shown in Fig. 6.44 where AB is a tube 
of narrow bore fixed horizontally into the vessel T known as cons- 
tant level vessel. The liquid enters the vessel through the inlet 
tube i and when the level of the liquid rises above the open end of 
the outlet tube O, the excess of the liquid overflows keeping the level 
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and hence the difference of pressure at the ends of the tube AB 
constant, 


Fig. 6.44 


If h, is the height of the liquid in the vessel above the axis 
of the tube, then difference of pressure 


P=h,p.g where p, is the density of the liquid. With the 
Second liquid, adjust the height of the overflow pipe O so that the 
liquid column exerts the same difference of pressure. If p, is the 
density of the liquid, then the height Ay needed to Produce the same 
Pressure is given by 

P=h, e.g 


Again‘measure the volume V, of the second liquid which flows out 
of the"tube in the same time, then 
5 _ 5, 


—-—_—, 


Na N; 


For determining the co-efficient of viscosity of a given liquid, 
‘the pressure P—heg is changed by altering the position of the 
over flow pipe O. Draw a graph between V and P which will be a 
straight line upto a certain flow beyond which the graph becomes 
non-linear due to turbulent motion (Fig. 6.45). 
From the graph mean yalue of is obtained from the /inear 


portion and knowing the radius r and length J of the capillary 
tube, the coefficient’ of viscosity (%)-is determined using equation 


———aaEEeEeEeEeEeEeEeEeEeEeEeEeEeEeEeEeEeE—eeEEe 


Turbulent Motion 


(Volume flowing out in one sec.) 


Zep 
{ Pressure difference) 


Fig. 6.45 
__ The viscosity of liquids decreases with the rise of temperature 
while’that of gases increases, 
6.24 STOKE’S LAW 
___ It.was shown by Stoke that if a sphere of radius ‘a’ is moving 
with uniforia velocity v through an infinite, homogenous, incom: 
pressible fluid of viscosity y, the retarding force F is given by 
F=6nyva | This is known as Stoke’s Law. 
pace ete) 
The above relation can be derived by method of dimensions. 
Let us consider that the viscous force acting on the sphere depends 
on the following factors : 
(i) Radius of the sphere a 
(ii) Velocity of the sphere v 
(iii) Viscosity of the fluid through which the body is moving. 
Using the dimensional method we have 
F=ka*y* 7° 
The dimensions of F are MLT™, of a are L#’, of v are LT 
and of 4 are ML“ T7?. 
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Making a dimensignal equation, we get, 

MLT?*=k(L)* (LT!) (ML“T-2)* 

=M?* L*+e-s T°}, 
Equating the indices of M,L and T respectively, we have, 
z=1 

—y—2=—2 

x+y—z=1 
Hence x=1, y=1, z=1 and the form of the equation is 

F=kayo 

The correct value of k obtained by analysis is 6x, so 


[Fé 
This is Stoke’s formula. This is true for small values of vin a large 
expanse of fluid, 


_. Terminal Velocity of the falling Sphere:— When a sphere 
falls vertically through a viscous fluid it is subjected to the following 


(i) Its weight W acts downwards. 
(i) The viscous resistance F acts upwards, © 


(ii) The Archimede’s upthrust of bou! W; to the 
Weight of the uid displaced acts upwards, V* “14a! 


Fig. 6.46 Motion of a sphere through a fluid 


The resultant downward force is 
= W—W,—F. 


On account of this resultant. force th i 
until F das'teached such a value that Bie ors wach Bede 


=W—Wi—F=0 
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The sphere has thus attainea its terminal velocity and will 


travel uniformly with this velocity i.e. downward accelaration ‘is 
reduced to zero. Thus 7 


F=W.-W, 


Let e be the density of the material of the sphere and o the 
density of the fluid, then, 


= 413, where a=radius 
page dca cs of the sphere 


and the weight of the sphere = ates 


The weight of the fluid displaced W, = Fatog 
-. Weight of the sphere in the medium is 
W—-W.= = arg aog 
* = a(e—o)g 


{fy represents the terminal velocity and F the maximum viscous 


resistance t! 
F=6nnva 
Since f F=W-W, 
Seni SoHo—o)g 


v. 


5m 2 _G8(0—8) 
9 


u) 


From the above equation (i) it is evident that the terminal’ velocity 
of the falling ees is directly proportional to the square of the 
radius of the sphere and inversely to the co efficient of viscosity of the 
fluid. This formula holds only for substances whose’ Reynold’s 
number is Jess than unity i.e., for viscous fluids. For water droplets 
in air y= 1°3X 10" a? cm/sec. The formula is valid for droplets of 
radius less than 0°01 mm. 
y=1°3 x 10* (0.001)? cm sec ~! 


Such droplets are formed in mist. On account of this, these 
droplets are inoue of gravity and appear to us as floating 
clouds. 


*s method of measuring viscosity of highly viscous liquids :— 
This ‘ a act pee for the measurement of the co-efficient of 
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viscosity of highly viscous liquids such as castor oil or glycerine at 
foom temperatures. The equation for the terminal velocity is given 
as 


2 @g(e—s) 
9 


«+ ii) 


Therefore, by knowing y, a, p, ¢ and g, the viscosity can be calculated. 


‘Experimental Methed: The experimental liquid is contained 
in a big vertical jar (Fig 6.47). This is by 
no means the infinite ocean of fluid as 
demanded by the theory but. the dimensions 
of the liquid can be considered very large 
compared: with the radius of the sphere 
which is nearly 2 mm diameter. 


The density of the sphere. p and that 
of the liquid « can be determined by some 
. guitable means. Three reference marks 

‘P, Qand R are made on the jar by glass 
markiag pencil. The marks should be 
several centimetres below the free. surface. 
of the liquid and the distance PQ and QR 
are kept equal. The diameter of the sphere 
iscarefully measured by the help of a 
micrometer screw gauge. The sphere is 
first moistened with the H esipirr ae liquid 
and then gentiy set on the surface. The 

»t; and f, to cover the distances PQ 
and OR are measured. These should be 
very nearly equal.Ifthey differ appreciably 
the terminal velocity had certainly not been 
reached at P and we have no means 
whether or not it was reached even at Q- so 
the whole experiment results in failure. 
4f they. are nearly equal then PQ+OR 


(+s) 
gives the terminal velocity v andy isdetermined by substituting 


the values of various quantities in-the equation, (ii) mentioned 
above. 


Example 6.8 : 


An air bubbie of sadius 5 mm rises through a vat of syrup 
at a steady speed of 2 mms. If the syrup has a density of 1°4x 10° 
kgm"* what is its viscosity ? 


6.55 

Solution : 

In this case’ the terminal velocity is upwards, since >p. 
Indeed, the density of the air inside the tants a be negecied 
completely, | 

Equation 

ee oe aicuics! 


with a=0.005 m 
(e—s)=1.4 10° kgm? 
and y=0,002ms-? 
Re-arranging the above equation 
24-2) 
be ov 
2X25 x 10-*x 1°4 x 103 9-8 
9x2x 10-8 kg mrt 5 

=38kg m=} s-? 

Example 6.9 : 


Determine the radius of a drop of water falling in air, if the 
terminal velocity of the drop is 0.012 ms-*. Co-efficient of viscosity 
for air=1.8X10°* kg m=} s-) ; density of air=1.2tkgm=* and 
density of water=1000 kg m=* : 


Solution ; When a liquid drop falls with zero acceleration, then 


oxyay= 4 na"(p—o)g 


es 
Radius of the drop=a i ecg 


Here n=1°8 x 10-8 kg m™ 571 
V=0:012 ms? 
6=1000 kgm=* 
o=1'21 kgm 


_ [oxrsx10x0012 
9= 4] “Z(1000—1' 21) X9'8 


=9'97X 1075 m. 


SUMMARY 


1, All matter consists of molecules. There are considerable forces 
* between molecules called molecular forces. These forces are suugt 
ranged and possess many interesting features, Molecular forces are 
(i) attractive at Jarge distances, and (ii) repulsive at very close 
distances, 


2. 


4 
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Surface Tension is the force produced on the surface molecules of 
liquids by the attraction of moicules in the mterior of the liquid. 
As a result of this force, liquid surface tendto contract. 


Capillarity is the phenomenon of rise or fall of aliquid insidea - 
apillary when it is dipped in aliquid The neignt to whicha 


fraud can rise is given by 
whee h 2¢ cos @ 
°F cos 6 : og rep 


Pressure on the concave side of the surface film ofa liquid is always 


greater than the pressure on the convex side amd is given by “ 
for one surface 


Critical velocity of a fluid is that velocity below which the flow 
remains streamline and above which it becomes turbulent It is 


given by 
Vem 4. 
mere K is Reynold’s‘nuniber—which isa pure number for critical 
low 


The pressure of a fluid moving in a streamline flow falls as its 
speed increases. This results from the Bernoulli Principle, which 
states that the sum of the kinetic energy, the potential energy caused 
by the pressure of the fluid, and the aravisationss potential energy of 
a fluid is constant during streamline flow. 


Forces of viscosity retard moving fluids in much the same way that 
frictional forces slow down moving solids. If we follow the motion 
cfany-liquild through a tube, we observe that liquid at the centre 
of the tube moves fastest, and that close to the inside walls of the 
tube moves most slowly. Looking at the fluid’s cross-section,’ we 
nid seo frat motion take place along a U-shaped front due to 
viscosity. 


The quantity of liquid flowing through a cylindrical pipe is directly 
proportional to the pressure drop across the liquid in the pipe and 
Proportional to the fourth power of the pipe’s radius. 


A solid sphere that is falling through a viseous fluid eventually reache s 
a constant “terminal velocity” when its weight equals the sum of: 
the viscous force acting on it_ and the buoyant force. 


s ip retarding viscous force is given by F=6nany (Stoke's 
iw). 


QUESTIONS 


Explain, using a simple molecular theory, why the surface 
of a liquid behaves in a different manner from the bulk of’ 
the liquid. 


{a) What are intermolecular forces ? 


(b) Why domolecularforces act only between adjacent 
molecules ? 

(c) Are molecular forces of electrical origin ? 

(d) Draw the molecular force graph and explain the 


various features of molecular forces from:it 
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3. Explain 

(a) Interms of molecular forces why water is drawn 
up above the horizontal liquid level round a steel 
needle which is held vertically and partly immersed in 
water. 

(6) Why,undertcertain circumstances, a steel needlewillrest 
on a water surface ? 

In each case show the relevant forces on a diagram. 

4, Giving the necessary theory explain how the rise of water 
ina capillary tube may be used to determine the surface 
tension of water. 

5. Describ= and explain two experiments of a different nature 
to illustrate the phenomenon of surface tension. 

Give.a quantitative definition of surface tension and 
explain what is meant by angle of contact. : 
6. (a) Do molecules ever repel one another ? Distinguish between 
adhesion and cohesion. 
(6) What is the unit of surface tension ? Write down its. 
dimensions. 
(c) If a liquid wets a solid surface,whatcan besaid about its 
angle of contact. Name three liquid-solid surfaces having angle of 


contact greater than 90°. Can weever geta perfect 
horizontal surface of water? Name the material of the 


contaiaer. 
7. Whyisthe surface of mercury in a glass tube convex and 
that of water concave ? 


%. Deduce an expression for the difference of pressure on the 
two sides of a spherical drop. How will the problem be 


i Pater > ie? 

altered in dealing with “ fppercal soap b pale? See. 1980 

9% @ oe why water rises against gravity in a ecohiery 
tube 


(il) Derive a relation between the surface. tension o of a 
liquid and its ascent A in a capillary tube. 


(it) What. will, happen ifthe length of the tube is smaller 
than h? 


iC. Explain the following : ge 
i) The small space between two parallel circular 5 

¥ plates is filled with srl ots why. is:it much 

‘by sliding.over the other 


easier to separate the plates 
ost. perfectly spheri- 


than by a direct pull. 

ii) Why a small drop of mercury is alm spheri 
e cal acack large drop resting on & glass plate is flat 
at the top? 
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(iit) Why does ink rise in a blotting paper ? 
(iv) Why does a drop of aniline assume a spherical Shape 
when immersed in brine solution cf the same density ? 
() Why does a small piece of camphor dance on the 
sutface of water ? 
(vi) From where does the energy come when a liquid rises 
against gravity in a capillary tube ? 
11. (a) Define viscosity, coefficient of viscosity; poise: and 
terminal velocity. i 
(6) State Stoke’s Law. Derive it frum dimensional analy- 
sis. Why it is true only for sufficiently low 
velocities ? {A.1.S.5.C. 1986] 
(c) Explain why a sphere released in a fluid will fall with 
diminishing acceleration until it attains a constant 
terminal velocity ? 


12. How will you determine the terminal velocity of a lead 
- shot for glycerine: and the coefficient of viscosity ot 
Blycerine experimentally? Dei; e the formula used, 

[A.LS.S.C. 1986] 
13. How will you compare the coefficient’ of viscosity of two 


uae liquids experimentally ? Mention the formula 


14, An aluminium Sphere is duspended by a thread below ihe 
surface of a fiquid. Show ona sketch the forces acting 
on the sphere, and explain its equilibrium. 

The thread is now cut. Show on asecond sketch or 
<xpsain in words the forces which act on the shpere when 
\t is in motion. 

The following figures for x, the tetal distance 
see by the sphere in the liquid at time t, were 
ined, 


Draw a graph to display the relation between x and t and 

explain its form. Find the terminal velocity of the sphere. 
ive & qualitative account of how you would expect the 

a a8 be modified if the temperature of the liquid were 
cr 


15. (@) Derive the dimensions of coefficient of viscosity. What 
is the unit of coefficient of viscosity ? 
(8) Derive by dimensional analysis the following formulae 


bet ae 


1. 
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(i) ne (Reynold’s number? 


4 
(ii) ve (Poiseuille’s formula) 


(c) Check the dimensional consistency jof 


((1) 67nav=j7a® (p—o)g where a is the radius 


of a sphere of density p falling steadily under 
gtavity through an expanse of liquid of 
density o. 
(a) What is meant by streamline flow ; 
laminar flow and turbulent flow ? 
(6) What happens to the speed of a fluid 
through a constriction ? 
cae and pore Bernoulli's Theorem for flow of fluids. 
enti Ps ‘cati 
ae ee SPPNeAOMS (Delhi Senior See. 1980) 
What is capillarity 2. Give some examples of capillarity 
in daily life. 
(a) Discuss the importance of viscosity in our daily life. 
(6) Explain the lift of the wing of an aeroplane. 


(a) Explain the following : 


(#) When an air stream is blown between two sheets of 
cards close to each other, they attract. Why ? 
(ii) Why a ping pong ballis kept in equilibrium in mid 
air by a vertical jet of water ? 


(6) What happens to the pressure of a fluid when it 
passes through a region where its speed increases ? 


(c) By what factor the rate of flow of water will increase 
if the diameter of the bore of the capillary is doubled ? 

\@) If a person stands near a fast moving train, why is there 
a possibility of his falling towards it ? 


PROBLEMS (Delhi Senior Sec, 1980) 


A capillary tube whose diameter is 0.5x 10-*m is placed 

vertically in aliquid of density 0'8 x 10* kgm-* and surface : 

tension 0°03 Nm. What will be the rise of liquid ? The 
f contact is zero. 

angle of contact is (O03 


The surface tension of a soap solution is 3x 10-* Nm“. 
How much work has $0. be in making a bubble of 
arcade (18°8x 10-* joule) 


3. 


il. 
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Water rises to a height of 2 cm ina “gal dt another 
capillary has a radius equal to one-third of that of the 
first one, how high the water will rise in it ? What will 
happen if first capillary is tilted 60° from the vertical ? 

(6 cm ; 4 cm) 


How much work should be done to convert a water drop 
of radius 1 mm into 10° droplets of the same size at 
constant temperature ? The surface tension of water is 


7210-3 Sr ; 
(8°96 x 10- joule) 


How much work should be done in increasing the diameter 
of a soap bubble from 1mm to 5mm? The surface 
tension of soap solution is 0.03 Nm=?, 

(45 x 10~ joule) 
Water is flowing through a pipe of non-uniform cross- 
section. The speed of water flow is 25cm s-? at a point 
where the radius of pipe is 0.005 m. Find the speed of 
hoon at some other point where the radius of the pipe is 


0 cm, 
(0.0156 ms~) 


The reading of a pressure meter attached to closed water 
pipe is 3.5x108Nm~2.On opening the valve of the pipe, 
the reading of pressure meter reduces to 3.0x 105 Nm? ? 
Calculate the speed of water flowing in the pipe. 

(10 ms-1) 


The density and radius of an oil drop are 9.95108 
kg -m-® and 10-‘cm respectively. This drop is falling 
through air of .density 1,3 kg m-3 and viscosity 181 x 10-8 

poise. Compute the final velocity of the drop. 
(11 4x 10-4 ms~) 


A water tank has ahole at a distance of 10 m from free 
water surface. Compute the velocity ,of water through 
the hole. If the radius of the hole is mm, find the rate 
of flow of water. 


(14 ms? ; 4°4.x 10-5 m*s-1) 


A pitot tube is fixed ina main of diameter 0.15 m and the 
difference of pressure indicated by the gauge is 0,04 m of 
water column ; find the volume of water passing through 
the main in a minute, 

(0.9395 cubic metre) 


A vertical, tube of 4 mm diameter at the bottom has water 
passing throughit. If the pressure is atmospheric at the 
bottom where the water emerges at the rate of 800 g/min, 
what is the pressure at a place 25 cm above the bottom, 
where the diameter is 3 mm ? 


(73°25 caa/of mercury) 


12. 


16. 


17. 


18. 


19, 


20. 


Calculate the excess of pressure between the inside and 
outside of a soap bubble of radius 1cm, Surface Tension 
of soap solution is 3.2 10™* Nm. 

(12°8 Nm‘) 


A U-tube has two limbs of internal radii 0.5cm and 1 cm 
respectively. Calculate the difference in the water levels 
in the two limbs. Surface Tension of water =7.2x 10~* 


Nor? and density of water 1000 kg m™*. 
(1°472x 10"? m) 


Calculate the inter molecular binding energy of water 
molecules. Avogadro’s number=6x10?? per méle; 1 
electron volt=1°6 x 10729 J.and Latent heat of vaporization 
of water=2'26 x 10° J kg™ 4 

(6.78 x 10°°° J OR 0°42 ev) 


pe cet i the speed at which the velocity head of a's ream 
of water is equal to 0°50 m of Hg. (31305 108-2) 


Calculate the horizontai force required to move a metal 
plate of area 2x10%m* with a velocity of 4°5x 107) 
ms? when it rests on a layer of oil 1°5x10-'m thick. 
Coefficient of viscosity of the oil=0'2N.Sm"? a2) 


Calculate the terminal velocity of an air bubble of radius 
5x 10-4 m rising in a liquid of viscosity 0'15 N sm-* 
Density of the liquid =900 kgm7*. Neglect density of air 


which is small as compared to the density of the liquid. 
(3°26 x 10°°ms™) 


A glass tube of internal radius 5x 10-‘ m is dipped verti- 
cally into a vessel containing mercury such that the lower 
end of the tube is 10-# m below the surface of mercury. 
Calculate the guage pressure of air inside the tube to blow 
a hemispherical bubble at the lower end of the tube. Sur- 
face tension of mercury=3'5x 10-* Nm and density of 
mercury =1'36 x 10¢ kgm. 

(14°72 x 10* Nar) 


A pitot tube. is fixed on the wing of an aeroplane to 
measure the speed of the aeroplane. ‘The tube ‘contains 4 
liquid of density 800 kg m™. The difference in level 
between the two limbs is 0.5m. Density of air=1'293 
kg m*. Calculate the speed of the aeroplane. f 
(77°85 ms"*) 


A water tank whose sides are vertical is filled upto, 
height H. A small hole is made on one of the walls, ata 
depth of h below the water surface. Calculate : 


, 
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(® the velocity of efflux ; 
{ii) the range of the emerging stream ; & 
(iii) for-what value of A, this range will be maximum ? 
(V2 gh; 2V/ MAA) ; H=2h} 
21. Prove that, if the sphere is released from rest, then the 


resultant acceleration of the sphere of velocity V, mass m, 
density ? and radius a, through a viscous fluid of density 


« and coefficient of viscosity » is given by g { = 


22, Prove that when two mercury drops ure brought into contact to 
form a single drop, the surface energy of the larger drop is less 
than the total surface energy of the smaller drops. 


[A.LS.S.C. 1986) 
[Hints : Total surface energy of two drops=8xr2.c 
+ nR3 = 4 zr 
| R=218 r | 
Surface energy of a single large drop=4nR2 
=4nr2,22/8¢ 


Since every physical system tries to attain a state of minimum 
energy, the drops of mercury coming in contact form one drop.] 


Unit—7 
BLECTRICITY 


74 ELECTRIC CURRENT (Drift Velocity) 


The practical applications of electricity are numerous and well 
known e.g. it is used for lighting, heating, transportation, communica- 
tion etc; but they hardly ever make use of the *electrostatic forces 
between charged bodies. They rely instead upon the effects produced 
by an electric current flowing through a metal wire that has no net 
electric charge. When an electrical appliance is plugged into a wall 
socket, electrons flow in through one pin of the plug, circulate 
through the wires inside the appliance and leave via the other pin 
of the plug. As many electrons leave as enter and there is 
never any net accumulation of charge inside the appliance. Actu- 
ally, since the wall socket usually supplies 50 cycle alternating 
current, the electrons surge backward and forward fifty times a second. 
To make the matter simpler, it will be better to discuss the direct 
current produced by a storage battery of the kind used to operate the 
ignition system of an automobile. ; 


Fig (7.1) shows a storage battery with a copper wire of length 
1 connected between its terminals. The battery consists essenti- 
ally of two metal plates immersed in dilute sulphuric acid. One of 
the plates is coated with sponge lead and the other is coated with 
lead dioxide, You learnt in tenth class that when a glass tod is rubbed 
with silk cloth, the electrons have preference for being in the silk 
rather than the glass and therefore some electrons migrate from the 
glass to the silk. Similary, electrons prefer to be in lead rather than 
lead dioxide, and by a series of elaborate processes electrons are 
transferred from the lead dioxide plate through the sulphuric acid to 
the lead plate. The lead dioxide plate, therefore, has a. deficiency. of 
electrons, an excess of protons, and a positive charge. It is the positive 
terminal of the battery. Thé lead plate acquires an excess of eletrons, 
is negatively charged, and is the negative terminal of the battery. The 


. Fok = a — where F is the force of attraction or repul- 
e 


sion between two charges qi and 9 separated by a distance r Cand K 


= x 29x10" Nm® C-* is a constant. en=8'85x10-% C N-'m-* is. called 
weg 
the permitsivity of vacuum. 


1A 
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*electric potential $+ at the positive terminal in higher than the 
potential $—at the negative terminal. The battery operates in such 


a way that the potential difference V between its terminals is almost 
constant. 


V=$+—$-=2 volts, approximately. 


V decreases a little if a large current is drawn from the battery and V 
also steadily decreases with time-as the battery runs down because 
of chemical processes that contaminate its plates. However, these 
changes are never more than a few percent and we will simplify the 
discussion by assuming that the currert drawn from the battery is 


small and that the potential difference V between its terminals 
remains constant. 


Lead dioxide Sulphuric Acid 


A storage battery with copper pe eigen between its terminals 
ig. 7. ! 


If a copper wire is connected between the terminals, electrons 
flow continuously from the negative terminal through the wire to the 
positive terminal and then through the battery back to the negative 
terminal. In copper, as in other metals, some of the electrons on the 
outside of the copper atom are very loosely held and are easily shaken 
free. These electrons do not remain attached to a particular‘co pper 
atom, but wander freely throughout the whole of the copper wire. 
They are repelled by the negative terminal and attracted by the 
positive terminal. This does not mean that the electrons move faster 
and faster the nearer they get to the Positive tetminal. They frequently 


“Electric potential at a point is the amount of work done in bringing a unit 
Positive charge from infinity to the point under consideration. If the work done 
in bringing one coulomb of charge from infinity to a certain point is one joule, 
we say that the potential of the point is 1 volt. Electric Potential at a point 


-k4— where K= ap" Nm? C-2, g is the charge ana r is the 
distance. ‘ 


= ay 


a 
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collide with the coppet atoms and although am electron acquires an 
extra velocity towards the positive terminal in becween collisions, this 
extra velocity is destroyed at each collision. However, in between 
collisions the electron does get a chance to move toward the pdsitive 
terminal and the net result is 2 slow drift of the electrons toward 
this terminal. 


in the absence of the storage battery with no cutrent flowing, 
free electrons move through the copper with very high velocities of 
the order of magnitude of 10%ms-* on account of their thermal energy 
at room temperature. Since these velocities are randonjly distributed 


in all directions, the average velocity of electron given by 


> > > > 
nm 


U= sa 


=0 
ies ied > 
where Uj, Uy,Ug,......Un are velocities of individual electrons, and N 
is the total number of electrons. : 


In othér words, there is no net flow of electrons one way or 
another. When the storage battery produces a potential difference 


ng Vv 
between the ends of the wire, an * electric field E ( = 7) is estab- 


lished inside it, Due to the electric field the electrons experience 
coulomb forces in a direction opposite to the field and they undergo 
an acceleration. 


—eE wai) 
m 


where e is the charge on the electron and mis the mass of the electron. 


The forces are experienced by positive ions also but they are 
unable to move as they are heavy and tightly bound in the metal. 
Between two successive collisions an electron thus acquires, in addition 
to its thermal velocity, a velocity component in a direction opposite to 


si . 
E. This gain in velocity, however, is very small and is lost in the next 
Collision with an atom. 


Electric field isa region in which a charged body (experiences‘force. 
=> tar, 
Electric. field intensity E is the force experienced by’a unit ‘positive charge 
Placed at a point in an electric field. 
> _, —dV _—Potential difference 
F°-a@l distance 
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If we !ooked at any arbitrary instant, we would find an electron 
> > = 


moving with a velocity U,+ar, where U, is its velocity due to ther- 
> 
ma! motion and af, is the velocity acquired under the influence of 
> 
the external field E, ¢, being the time that has elapsed since the last 
‘ > 


_ collision, The average velocity v of all electrons will be given.by 


> > > => > > 
pa Urtaty) + Urtats)+....-.(Un-tatn) 
N 
> ag > 
De Coe Spee Up), 4 (tutte ee tecct ta) 
Se oN B N 
or =O-+a 7 where + = Atethi ate “ a tts 


represents the average time elapsed since each clectror suffered its 
last collision and is called the relaxation time, It is equal to 1074s. 
Itis’a’characteristic of the given conductors. 
> => 
Denoting v by p¢ we have 


| 
| 
Tee oso | des 
Scag eee | os (2) 
/ 


pes 
where v, is called the drift velocity of electrons, 


Thus the net result is that when the electric field is applied, the 
electrons in the copper wire acquire a constant average drift velo- 


—> Current | 


Electron 


—<+— Drift of Electrons 
— » Current | 


Slow drift towards the positive terminal 
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(In the absence of current, (In the presence of a current 
velocities are equally - the superposition of a. 
<i o Sector ape 
ar cés.a bias toward the 
4 Fig 7.2 (0) 
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city vq in a direction opposite to E (Fig 7.2). This drift- velocity 

points along the‘ wire toward the positive terminal and is in the same 

direction and hag'the same magnitude for all the fred erectrons. The: 

random chaotic motion therefore acquires a slight Dias int this direction 

and more electrons ‘move toward the positive termipal than away 
> 


from it, However, og is always very small cosipared with tho 
~s 


tandom velocity. A typical value of.v, might be 1 mms~ which 
is a billion times cual than the random velocity of 10° ms-, 
But since the number of electrons is very large, even this small 
dcift of clectrons adds up to a sizable current. 


It may be mentioned here that the drift velocity of electrons 
may not be confused with the speed of propagation of eléctrical 
effects, Although the drift velocity of electrons is low, an électric 
bulb turns on almost immediately when it is switched on. account of 
the fact:that the propagation of an electric impulse. takes: place with 
& speed which is 3x 10° ms- i.e,, the speed of light. It is somewhat 
like. applying a pressure to one end of a long water filled tube. As 
Soon as the pressure is applied, a pressure. wave is transmitted rapidly 
along the tube and when it reaches the other end, the flow of water 
Starts. The water inside the tube also starts moving forward but this 
speed is much slower than the speed of pressure wave. Similarly in. 
& Copper wire free éiectrons are present everywhere. When a potential 
difference is applied to it, an electric field gets established throughout 
the circuit almost with the speed of light. As soon as the electric 
field is established,-the electrons begin to drift under its influence. 
and a current flows in the circuit. 


1.6 


When the electrons flowing through the copper wire arrive at 

the positive terminal they must be returned to the negative terminal, 
otherwise the charges on the two terminals would soon be neutralized 
‘and the current would cease to flow. The transfer of electrons 
through the sulphuric acid to the negative terminal against the 
pa of the negative charge on this terminal is a consequence 
of certain complicated chemical processes that occur inside the 
battery. 


a Ifa piece of wood were connected between the terminals of 
the siorage battery no current would flow. All the electrons in 
the wood ure firmly held to their atoms and are not free to move 
from one terminal to the other. Wood is an insulator because it 
will not carry an electric current. Copper is a conductor of electricity. 
All metals are conductors. 


The Quantitative Definition of Electric Current : 


The electric current 1 is defined as the net rate of flow of charge 
across any cross-section of a wire. 


Fig (7.3) 


Suppose that, in ¢ seconds n, electrons cross over from ri 
ee ae ‘ fey sa Heras we ioe over from left to right (ig ec 
There is a low of (n-—m:) electrons from t - 
ing to the flow of a negative charge ee ee oe 


—q=—(n,—m) e 
from right to left. The current isthe charge flowing in one second. 


| ais A) 


~(4) 


or 


where ¢ is the charge on the electron. 


qd 


charge is flo The direction of the current is Slarwore always 
opposite to prt sl of net flow oy. she electrons. 


ia —— i 


Fig. 7.4. Flow of positive charge is equivalent to flow of negative cnargs in the 
Opposite direction. 


If the rate of flow of charge does not change with time, the 
current is said to be steady. In many situations, however, the current 
may be varying with time as shown in Fig (7.5). 


Current(i}—> 


Time (t} —> 


Fig. 7.5 


Current in terms of Drift Velocity : 


Consider a conductor (copper wire) PQof length / and of 
- uniform area of cross-section A, across which is applied a poteniial 
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Fig. 7.6 Current in terms of drift velocity 


difference V, (Fig 7.6). The electrons start drifting towards: left 
with a velocity vg. Let us ignore the random motion of the electrons. 
Also imagine that the wire (conductor) is stationary, but that the 
electrons are fixed to a strip of paper which is moving to the left with 
avelocity vz. In # seconds the strip moves a distance MB=», ¢ and 
all the electrons inside the cylinder MB move through the cross 
section, we are considering. The volume of this cylinder in Avg t. 
¥f there are n, free electrons per unit volume, the number of electrons 
ers over is nm, A 0% t. e charge flowing across in ¢ seconds is 


where ¢ is the chayge on the electron. 
The current is therefore 


Since thergis a potential difference (V) bet 
the wire, there is \n electric field E mside PUES fea oe ap 


v 
5-5 
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If the end P is positive with respect to Q, this ficld points 
from P to O. 
This field exerts a force on an electron given by 
F=eE where F=force exerted 
eV 
i] 
Since the electron is negatively charged, this force is in the 


opposite direction to E and points from Q to P. Ifm is the mass of. 
the electron, it has an acceleration a in the dicection Q to P given 


by 


F 

a= — 

m 

Se Pen eN 
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Immediately after a collision with an atom, the electron has no 
preferred velocity in the direction of flow. Ifz sec is the average 
relaxation time of the electron, then the average drift velocity vg is 
given by 


04 =at 

m= (1) 
Putting (7) in © we have 

Te mA( Sr) 

«(8) 
ml 
R= e* tg AT 3 val) 
Then 

aos (10) 


(Ohm’s Law) 


R depends only on the dimensions of the wire and the proper 
ties of the, (ai sick: For a given wire at a fixed temperature, 
it is a constant known as the electrical resistance of the wire. Ohn's 
Law states that the current is directly proportional to the potential 


(LY 


| where’ 
| Ss es 
ef yt .. (12) 


"is called the specific resistance ot resistivity ofymaterial of the conduc- 
tor. In SI (hati apap of specific resistance p are Ohm— metre. 


Yl=im 
and A=1m* 


thon | Rep 


‘Thus specific resistance of a conductor may te defined as the 
resistance offered by she conductor whose length is one metre and area 
of cross-section one square metre. 

The seciprocal of resistivity is called conductivity. It is expressea 
in ohm™* p74, 

Obm’s Law is true for metals at a fixed temperature and many 
other materials, bus it is not universally true. Our proof is depen- 


' | 


J I 


yo y—> 
(b) Rectifier 


(a) Metallic conductor ; 
Fig. 7.7 


Tu 


dent on the assumptions we have made concerning the behaviour of 
the flowing electrons. In some materials and in some spectal 
devices, the behaviour of the electrons is much more complicated and 
the current is not linearly proportional to potential difference (Fig 7.7). 
Certain special devices known as rectifiers are designed in such a way 
that the resistance is small when the current flows in one direction, 
but is very large when it flows in the opposite direction. 


Variation of Resistance with Temperature : 


As we know, the atoms in a metal occupy fixed positions but 
they are, however, not stationary but vibrate to and fro about their 
fixed positions. When a metal gets heated there is an increase in 
the average kinetic energy of the atoms and they vibrate more: 
vigorously. This leads to more collisions of electrons witi atoms 
and a consequent decrease in the value of relaxation time. Also at 
higher temperature the thermal speed of electrons is more and 
this further reduces the time between collisions, A lower value of + 
therefore, results in an increase in the resistivity of the conductor. In 
general the resistance increases as the temperature is raised. For pure 
metals, the curve showing the relation between the resistance and 
temperature, measured on the gas_ scale, is almost a parabola, but for 
small changes in temperature, the curve is almost a straight line. 
Hence, for small changes in temperature, we have 


Rg =R, (1+26) o«s(13) 
where Rg =Resistance at 9°C 
R,=Resistance at 0°C 
6=Rise in temperature 
and a=coefficient of increase of resistance with 
temperature. 


For mztals « is a positive coefficient and for copper its value is 
0:0040 per degree. In the case of alloys, on the other hand, the rate 
at which the resistance changes with temperature is much less. For 
example, manganin, which is an alloy of copper, nickel, iron and 
manganese, has « =0°00001 per degrezi.e., its resistance practically 
Temains constant for a change in temperature of Several degrees. 
Similar is the case with constantan'ana eurika For this reason, these 
alloys are excellent substances to be used for standard resistance coils. 


Carbon and other semi-conductors display a negative coefficient 
fe., their resistance decreases with rise in temperature. «is negative 
for electrolytes also. 

Example 7.1 


In a copper wire PQ, a current of one ampere flows in the 
direction P to Q. Calculate the number of electrons transferzed from: 
Q to Pin 1°6 seconds. (charge on the electron=1°6 x 107?" C) 


“FA2 


Solution 
Here I=1 ampere==1 coulomb per sec. 
charge on the electron=e=1°6 x 10°2* coulomb 
Let number of électrons transferrea=n. 
.*. charge ame 


current {= L=.te 


— MmX1'6x 1072" 

or 1 SESiGaE 
<. Mo 10" 

‘Exausple 7.2 


1m the case. of hydrogen atom, an electron moves in an orbit of 
radius 5xX10™m with a epeed of 22x 10%ms”. Calculate the 
¢quivafent current. (charge cm the evctren= 1.6x 107* coulomb) 


Soletion 
Radius of orbit, r= 5x 10°'m 
circumference of the orbit=2nr 


=2Xx hx 5x10-Um 


work! of electron=0=2°2 x 10* ms™* 


In one second the electron will go round the proton (nucleus) 7 
times, where 


Wecnttiumagie MkOr apa 
om ax? x 5x 1074 
The ¢lectric current is defined as the quantity of charge that 
flows pasta: fixed point in one second. Although it is the same electron 
‘going round round the proton, the quantity of charge that 
‘passes across a fixed point on the orbit in one second is given by 
qz=n e where e is the charge on the electron. 
vad 
t 
B- 2j2X% 10° y 16x 10729 
22 ! 


Fats} "11 
2x 7 x5x10 


=1'12x 107A 
=1'12mA 


current {= + = 
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Example 7.3 
Calculate the drift velocity of electrons in a meta) conductor of 


area of cross-section 10-*m* for a current of 20 A. Assume that 


there are 8°4x 108 electrons per cubic metre: Charge on the électron 
=1°6x 10-¥C. 


Solution, 
We know that 
T=nevaAd 
Drift. Velocity =" 53K 
$4x 10x 16x 10- x 10-* 
= 1°485x 1074 ms? 
Example 7.4 Z 
A copper coil has a resistance of 30 onms at 20°C. Find its 
resistance at 60°C. Take « for copper as 4°0X 10°* per degree. 
Solution. 
Since 
Reo=Ro (1-+20%) where R,=resistance at 0°C. 
and — Reg= Ro (1+602) 
1+60« 
1+20« 
Ae 
=30 (1+60x 4'0x 10°*) 
(1+20x 40x 10°) 
=34'5 2 


1... THERMAL EFFECT OF CURRENT (Joule’s Heat) 


Re 
Rao 


A 8 
I Va Vp 
Fig. 7.8 y 


Consider a copper wire AB (Fig. 78) throuzh which a curreat 
ows in the direction A to B. Electrons move from the end Bat 
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Potential Vz to the end A at Potential Va. When the electron is at 
the end B of the wire, its *potential energy is—eVs When it reaches 
A, its potential energy is —eV,, which is more negative. The potential 
cnctgy of the electron has decreased by 


< [Vs—Vz] =eV where V=(Va—Vsz). 


If the electron were free to move unhindered from B to A, this 
loss in potential energy would reappear as an increase in kinetic ener- 
gy of the electron, When the electron is continually colliding with 
the atoms of the wire, its average kinetic energy is not allowed to 
increase. In between Collisions the electric field accelerates the 


thereby made to vibrate more Tapidly. In other words the average 
kinetic energy of the copper atoms icreases. The energy therefore 

lly appears as heat in the copper wire. It is well-known that a 
wire warms up when an electric current flows through it. The heat 
Senerated in this way is known as joule heat. 


—q=—I ¢ 


leaves B and an equal charge arrives at A, The charge leaving 
B initially had potential para Ade but the charge arriving at A 


has a_ potenti energy of —gVa. The Joss in Potential energy is 
therefore 

9 (Va—Va)=gV 

=ItvV 


‘This energy appears as heat in the wire, 


ut H=IVz where H=heat developed 
Es ad tea SNe 
Since according to Ohm’s Law V=IR where R is the resistance 
of the wire. 


Tf I is in amperes ; R is in ohms and¢ ip Seconds, then H is 
Measured in joules. 
ie., H=PRz joules 


32 Potential Energy of an electron is the amount of energy that an electron 
i nha in ising it to a certain potential or in accelerating it through a certain 
ential difference, x : 
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This is known as Joule’s Law of heating. It states that the 
amount of heat produced in a conductor is proportional to 

(a, the square of the current, 

(b) the resistance of the conductor, and 

(c) the time for which the current flows. 


The rate at which the electrical energy is eonverted into heat is 
nown as Electric power <P). 


P= Haiv=pr ( V=IR) 


Thus the power dissipated in a metallic conductor (wire) is pro- 
portional to the square of ** 2 current in the wire and directly propor- 
tional to the wire’s resistance. 

Thus electric power (P)=current (I) x Potential difference (V). 
If I is in amperes and V is in volts then electric power P is measured 
in watts i.e., joules per second, i.e., 


.. | watts = Volts X amperes 


One watt is equal to one joule per second. Sometimes a bigger 
unit known as Kilowatt is used. 
1 kilowatt=1000 watts : 
Although electrical devices are rated according to their power 
usage, the consumer who uses electricity to operate’ them actually 
pays for electrical energy, which is the product of the power J 
yy the device and the time during wi itis operating. This is the 
rate at which energy is delivered to an appliance and the length of 
time it operates. 3 : 
The unit of electric energy commonly used is a watt-hour, The 
energ» -onsumed in an electric circuit is one watt-hour if a power of 
one wai is used for one hour or if a current of one ampere flows 
through under a potential difference of one volt for one hour. 
w tt hours= watts x hours 
=volts X amperes x hours. 
In practice a bigger unit known as the kilo-watt-hour (kk WH) is 
used. 5; is also known asthe Board of Trade unit or simply the 


anit, 
1 kKWH=1000 watt-hours 
= 1000 watts x60 60 sec. 
=36X 105 joules 
‘Tse number of units consumed in an electrical circuit. 
__ watts x hours 
~~ 1000 


— volts x amperes hours 
1000 
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The students should carefully note that watt or kilowatt is the 
Unit of power and watt-houy or killowatt-hour is the unit of energy, 


Example 7.5 : 
An automobile battery 


volts between its terminals, A head light bulb is to be come 
nected directly across the terminals of the battery and dissipate 
40 watts of heat. What 


its resistance be ? 
Solation. 


Electric Power=—Ht =IV 


40 watts =(1 amps) x (12 volts) 


or Im 3.33 amp, 
The bulb draws 3,33 am 


p from the battery. 
Again, 


2 
Electric Power= + 


—a—- a 


40= yr 
144 
R oe 
or R= 3°6 ohms 
Exempie 7.6 
A heater is marked 5u0 watt 220 volts. 


Find 


(4) the current it draws, 
(ii) its Tesistance, and 


(ii) the cost of using it for four hours at 15 paise per unit, 


Power of the heater= 500 watts 
Voltage at which it gives this Power=220 volts 
But Watts= volts x amperes 


watts = 300 
current = volts 7399 = 2°27 amps. 
Resistance =Yolts__ 220 _ 
‘ance amps 27 =96.8 ohms 


Total energy Comey ae hore 


117 


—_500x 4 
1000 
=2 units 
Total cost=2 x 15=30 P. 


Thermo electricity— Seebeck Effect :—If a copper wire and an 
iron wire are connected together at one end (Fig 7.9) and the 


Cu 


Fe 


Fig. 7.9 

other ends are connected to the terntinals of a low resistance galvano- 
meter and the free junction is heated in a Bunsen flame, a current is 
produced in the circuit and this, causes a deflection of the galvano- 
meter. The current produced flows from copper to iron through the 
hot junction. Such a current is known as Thermoelectric current. It 
was first discovered by Seebeck in 1821, so this phenomenon is known 
as Seebeck Effect. The arrangement shown in the diagram is known 
as Thermocouple. 


Itis obvious that an electromotive force is developed in the 
circuit as a result of the difference of temperature and the em.f. is, 
therefore, called Thermo-e m.f. 


In his original experiment Seebeck used copper and Bismuth 
and heated their junction by holding it in his hand. Later, he noticed 
a similar behaviour in many other pairs of metals, As a result of his 
investigations, he found that the value of the thermo-e.m.f. is differ- 
ent for different pairs of metals. Below is given a list metals so 
arranged that the thermo-slectric current flows. atross the hotter 
vaipteg from the mstal occurring earlier to the metal occurring later 
in the list. 

mare across the hotter junction———\-———~ 
Bi, Ni, Co, Pt, Cu, Mn, Pb, Sn, Cr, Au “g, Zn, Cd, Fe, Sb. 
+-----—— across the colder junction —— ——— 


Experiments show that if the amount of thermoelectric e.m.f, 
is greater, the more separated are the metalsin this series. Thus 
e.m.f. developed in a Bi-Sb thermocouple is greater than in a CuFe 
thermocouple. 

The following features of the thermo-electric current are of 
great interest and practical use : 

(i) The current produced is very feeble and—the method is 
never used for generating currents. 
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._ (ii) The strength of the current produced depends upon the 
difference of temperatures betwen the two junctions of the wires 
and, therefore, the arrangement is used for measuring temperature 
differences and the actual temperature of the junctions. 


Origin of Thermo-e.m.f. We know that all conductors contain a 
large number of free ‘electrons’. Normally the concentration of 
electrons at the interface in the two metals is not the same as 
it depends upon the nature ot the metal and its temperature Hence, 
when two dissimilar metals are brought in contact and a difference 
of temperature is maintained between the two junctions, the electrons 
tend to diffuse from the metal of higher electronic concentration to 
that of lower electronic concentration. This transference of electrons 
produces a contact difference of potential across the boundary which 
neutralises the effects of the difference in electronic concentration and 
is responsible for driving the current in the circuit, When the 
temperature of the two junctions is the same, this contact’ difference 
of potential is also identical across the two junctions and so there is 
no resultant E.M.F, in the circuit and hence no current flows in the 
circuit. When, however, one junction is heated relatively to the 
other, the contact potential at the heated junction becomes more 
than that at the cold junction and the difference acts as the resultant 
E.M.F. which drives the current through the circuit, 


Thermo-e.m.f. and temperature :. For a given pair of metals 
the thermo-e m.f. depends (1) on the temperature of the cold junction 


Fig. 7.10 
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and also (2) on the difference between the temperature of the two 
junctions. If one junction of a thermocouple consisting of metals A 
and B, be maintained throughout at 0°C and the other junction 
heated to various temperatures (Fig 7.10) it is found that emf. in 
the circuit varies with the temperature of the hot junction in the 
manner shown in Fig (7.11). The thermo e.m.f. increases in value 
as the temperature is raised higher and higher till it reaches a 
maximum at a certain temperature Tm, called the meutral ‘tempera- 
ture. For a Cu-Fe couple the neutral point is about 270°C. After 
this point the e.m.f. diminishes as the temperature of the hot junction 
is raised higher and higher till at atemperature T, the e.m,f. is 
zero, This temperature is known as temperature of inversioni or 
temperature: of reversal. When this temperature is raised the e.m.f. 
in the circuit is reversed. The phenomenon of inversion of e.m.f. 
was discovered by Cumming. For the Copper-Iron couple the 
temperature of reversal is reached at about 540°C when the cold 
junction is kept at O°C. Thus the temperature of inversion is as 
Much above the neutral temperature as much the latter is above that 
of the cold junction, Moreover the neutral temperature is always 
the same irrespective of the temperatures of the junctions of the given 
thermocouple. 


¥ 


Thermo €.M.-.—> 


Tn 


Tempercture —> 
_ Fig. 7.11 


All the above properties follow from the symmetry of the curve 
about the neutral temperature. 


. Thermo-electric Power : The curve obtained by plotting e.m.f. 
8gainst temperature of the hotter junction, the colder junction bing © 
_ kept at 0°C ; is a parabola (as shown in Fig. 7.11) and is syinaetch 
cal with respect to the ordinate for the maximum e.m.f. The value of 
the e:m.f, for a given thermocouple is expressed by the relation, 


Ej=at+br 
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where'a and b are constants for’ the given metals‘and ¢ and 0°C the 
temperature of the junctions respectively. 


The rate of change of the thermo-e.m f. with respect to tempera- 


ture ié., oe is called the Thermo-electric Power. 


36 En Sats bt? 
Thermo-electric power at °C 
dE _ 
ar at bt 
Thus thermoelectric power has a linear relation with 


temperature and its graph is a straight line Called thermo-electric 

line (Fig. 7.12) which crosses the temperature axis atthe neutral 

peat as at the neutral point, the e.m.f. cbtained is maximum and 
ence 


S xX 
Temperature (t) —> 
Fig. ‘7.12 


Laws of Thermo-electricity : 


In a normal circuit, there are usually several junctions of 
dissimilar metals and several temperatures. It is essential, therefore, 
that Laws of addition of Thermo-e m.f’s be formulated.. These laws 
are obtained experimentally. 

1. Law of Jatermediate Metals : “If a number of metals are 
in successive contacts so as to form a chain, the electromotive force 
“hetween the extreme metals, when placed in direct contact, 1s the 
sum of the electro-motive forces between the successive adjacent 
metals.” 


If A and N are the extreme metals, and B, C, D,......M, the 
‘intermediate metais, then i 
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provided all the junctions in the series are at the same temperature. 


2. Law of Intermediate Temperature :-‘For a given thermocouple 
the electromotive force "R, for a given temperature difference of ¢, 
and ts is the sum of the electromotive forces for any number of 
a steps into which the given Tange of temperature may be 

ivided.”” 


or "By ="E,+ 2B + "Bayt ececs-cesees ie 
where 4, fy, fs..... are successive intermediate temperatures and *E,, 
by =P) Re are e.m.f.’s for successive temperature differences 


*Peltier and Thomson Effects: In 1834, Peltier observed the 
inverse of the Seebeck Effect. He found that when a current is 
ae across the junction between two different metals (Fig 7,13) 

eat is either generated or absorbed at the junction. This pheno- 
menon is known as Peltier effect. 


Fig. 7.13 


The"evolution or absorption of heat energy at a junction is. 
due to the contact potential differences. When Cu and Fe are placed 
in contact the potential of Fe is above that of Cw, _At B current 
flows from Copper to Iron ie., from lower potential to higher 
potential and hence energy is refuired for \this purpose ; this is 
absorbed from the junction and hence it is cooled. At A current 
flows from Fe to Cu, i.e., from higher potential to lower potential and 
thus energy is given out so that the junction A is heated. : 


The Peltier effect should be. distinguished from the joule 
Effect in which heat is generated (according to Joule’s Law) in pro- 
Portion to (i) (current)® and (ii) resistance. In the Peltier effect, the 
amiount of heating or cooling (i) is proportional to the current from 
the battery and (ii) is independent of resistance, While: in Peltier 
effect it depends upon the (iii) direction of the current whether a 
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junction is cooled or heated, the Joule Effect is independent of the 


direction and there is always heating produced depending on the resis- 
tance. The Peltier effect is: easily detected by using thick bars of 
metal, the Joule effect in theav being negligible on account of their 


negligible resistance. 


William Thomson (Lord Kelvin) found out that if a temperature 
gradient exists in a conductor this produces an electric potential 
gradient in the conductor. He found that heat is evolved (other than 
joule's heating) when a current passes from the hot end to the cold 
end of a copper rod having a temperature gradient. When the current 
is-reversed heat is absorbed. This reversible effect, first observed and 
pointed out by Thomson, is known as the Thomson effect. 


Since the density of the conduction electrons is dependent upon 
the temperature, there will be a gradient of concentration of these 
electrons in the same metal if there is a temperature gradient along 
it. To counteract the tendency of the conduction electrons to 
diffuse and equalise the concentration, there must be developed an 
electric pressure or a potential gradient along the metal. This is 
Thomson effect. 


*Measurement of Thermo-electric E.M.F: ‘The thermo-e.m.f.’s 
are very small and never exceed 30-40 millivolts. To measure the 
same, a sensitive potentiometer capable of reading in microvolts. 
is required. This can be arranged by connecting two resistance 
boxes R and § iu series-with a potentiometer wire AB which is one 
metre long and exactly one ohm in resistance, a battery Ba, one 
way key K and a thick wire rleostat Rh as shown in Fig. 7.14, - 


Fig. 7.14 


® For bright students roly. 


7.23 


The potentiometer wire is first calibrated to read accuratel 
to one microvolt. For this purpose a standard cadmium cell (E.M.F.- 
1.0183 volts) is connected along with a galvanometer G to-the above 
arrangement. The positive terminal of the cell is connected to the 
Positive end of the resistance box S and the negative. terminal to key 
‘k, and’ through galvanometer G to the negative end B of the 
potentiometer wire (Fig 7.14). A resistance of 1017°3 ohms is 
introduced in S and the resistance in & is so adjusted that the 
galvanometer shows no deflection using the rheostat, if necessary. 
This means the resistance in S and AB equal to 1018°3 ohms; has a 
fall of 1.0183 volts, 

Hence the Potential fall in the wire AB.of | ohm 


Since the length of AB=100 cms, tne rail of potential per mm is 
10-* volt, i.e., one microvolt. 
To measure the e.m.f. developed in the thermo-couple, the cad- 
mium cell is replaced with the thermocouple, by ing key K, and 
closing key K,, taking care that the positive terminal of the thermocouple 
is connecied to the positive end of S (Fig 7.14). Now the balance point 
J’ on the potentiometer wire is found when there is no deflection in 
the galvanometer. It may be necessary to introduce some fresh resis- 
tance (a few ohms) in S in order to get the balance point on the wire. 
In such a case the same amount of resistance must be removed from 
R so that the total resistance in R and S is always kept constant and: 
the calibration is undisturbed. Supposing that in obtaining J’ as 
the balance point, in all X ohnis have been introduced in S$ and the 
length AJ’ in J cms; the e.m.f. of the thermocouple 
‘ =(XX 10-42 x 10°) volts. 
Temperature Measurement by Thermocouples (Thermopile) : 


For measuring the intensity of heat radiations and hence the 
temperature, several junction of dissimilar metals, eg, Bismuth and 


Radiations | 
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Antimony are joined in series. as in (Fig 7.15). One set of junc- 
tions is exposed to the radiation while the others are covered with an 
insulation lid. The exposed ends are blackened so that most of the 
‘fadiation falling on them is absorbed. This arrangement is called 
a thermopile. This radiation raises the temperature of the exposed 
ends relative to the opposite ends. The. thermal em.f. depends on 
the number of junctions used. A galvanometer G is connected to 
the thermopile to measure the current which flows. This -is pro- 
portional to the radiation intensity and temperature. Thus pre- 
viously calibrated galvanometer can be used to read directly the 
temperature, 


The instrument is so sensitive that it can detect heat radiations 
from a candle at a distance of 100 metres. _ 


The linear thermopile is used in research for the study of infra- 
ted radiations. j 


The following points should be kept in mind while constructing 
‘8 sensitive thermopile : 


(i) The metal used should give large thermo-e.m.f. 
(ii) The conducting wires should be thick to avoid loss of heat 
by conductor, 


(iii) The junctions should be as thin as possible. 


(iv) {nm order to increase the sensitiveness and to keep the 
deflections steady, it should be mounted in vacuum, In 
this way loss of heat by conduction and convection is also 
minimised, 

(vy) “The galvanometer should be of low resistance type. 


As a temperatufe measuring device, the thermocouple has many 
anerits : 


\, Because of its smaliness of its test junction, it is particularly 
suitable for measuring temperature in very small regions 
and cavities, 

2. It is accurate. as temperatures can be. measured to an 

accuracy of 74th of a dégree-and the ¢.m.f. can be measured 
with anuccuracy of about 10-* volt, 

3. Since the test junction attains thermal equilibrium quickly 

_ With the svrreundings so it can be used for Measuring 
Variations in the temperature in various parts of the body. 
of animals and insects etc, 


_ Thermo-electric Pyrometer: Thermal e.m.f.’s are utilised for 
the measurement of temperature over a wide Tange. In practice, a 
thermocouple. consisting of two fine wires of different metals, welded 
fogetifer at one end, is mounted in an insulating ceramic tube. The 
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free ends of the wires are led to terminals atthe end of the tube, 
Fig. 7.16. The-terminals are connected directly toa moving coil 
galvanometer calibrated for direct reading of temperature difference. 
In this form the junctions of thermocouple wires with the galvano- 
-meter leads are maintained at room temperature. The variations in 
room temperature do not affect the readings provided that the hot 
junction temperature is fairly high. This Pyrometer is used for 
measuring furnace temperatures, Calibration.is achieved by using 
fixed temperature points. 


Lead wire 


Insulator 


Insulating 
tube 


Steel 
sheath 


Choice of thermocouple wires depends on the range of tempera- 
ture required. For high temperature (say 1,000°C), the metals must 
not melt or show an inversion effect, hence platinum is often coupled 
with a platinum rhodium alloy (upto 1700°C), For temperature 
difference of one or two hundred degrees a Cu—Fe, couple is useful, 
Example 7.7 : ‘i 

The thermo-e.m.f. of copper-constantan thermocouple: is 50uV 
per degree at room temperatures. A galvanometer of resistance 50. 
ohms and capable of detecting currents of the order of 2uA ig used, 
Calculate the smallest temperature difference that can’ be detected 
with this gaivaaometer. 

Solution. - 
-Current=I=2A 2x 10°A 
galvanometer resistance =G=50 ohms 
V=IxG=2x10"*x 50 
=10- volts 
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It means that the galvanometer can detect a potential difference 
. of 10° volts, 
“. 10°=50X10°x@ where @ is the smallest 
or 6=2K temperature difference. 


7.4. CHEMICAL EFFECTS OF ELECTRIC CURRENT 


Etectrolysis : If two small strips of platinum are connected to the 
terminals of a battery and dipped into a beaker of distilled water, it is 
difficult to pass current between them. But if a few drops of sulphuric 
acid are added current begins to pass and gas bubbles appear at both 
- plates. These bubbles are found to be that of hydrogen (H) and 
oxygen (O), the two constituents of water. Similarly if two plates of 
copper are connected to the terminals of a battery and then dipped 
into copper sulphate solution, current begins to flow. One plate loses 
copper and the other gains an equal amount. 

Faraday made a thorough study of this process of chemical 
action by electricity. This chemical action is called electrolysis. 
The liquid conducting electricity is called electrolyte. The two plates 
such as those of platinum, copper, etc,, are called electrodes ; the one 
where the current enters, is called the anode and the one where it 
Jeaves the cathode. The vessel in which the electrolyte is contained 
for electrolysis is called an electrolytic ceil or a voltameter. The 
majority of electrolytes: are liquids, and the most important ones are 
aqueous solutions of acids, bases and salts. 


The carriers of current through the electrolyte are called ions. 
The term ‘ion’ is applied to a charged atom or molecule moving in a 
liquid or gas. Theion carrying « positive charge is called positive 
ion or cation and the ion carrying a negative charge is called a nega- 
tive ion or anion, 


Dissociation Theory. Why anelectrolyteconducts electricity 1s explained 
‘by the dissociation theory. A molecule of hydrochloric acid consists 
#f one hydrogen atom bound to one chlorine atom. _ Its chemical 
formula is HCI, When it dissolves in water, some of its molecules 
wonize and dissociate. This means that the molecule breaks apart, 
fhe hydrogen and chlorine going in opposite directions. At the time 
of separation the chlorine atom seizes from the hydrogen atom the. 
only ciectron it possesses The chlorine atom thus gets one extra. 
e1ectron and the hydrogen atom is without any. So the chlorine atom 
has a negative charge of one unit. Atoms in a charged. condition 
such as these,-sre called ions. The symbols for these ions are Cl” 
and H+. Ions carry electric charges’ through an electrolyte. 


. When a potential difference is applied between the t 
placed in a voltameter, an electric field is set up between. then: Pie 
positive ions move towards the negative electrode or cathode and the 
negative ions towards the positive electrode or anode. The ions on 
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reaching the electrodes give their charge to the electrodes and become 
neutral. These then come out as gases or deposit as a thin layer on 
the electrodes. 


This flow of positive ions in one direction and negative ions in 
the opposite direction is equivalent to a current flowing in the 
electrolyte. The direction of this current is the same as that of the 
Positive ions. 

Water Voltameter: Fig 7.17 shows a simple form of volta- 
meter for the study of the electrolysis of water. It consists of a glass 
vessel with two platinum electrodes E, and BE, fused into it. Platinum 
electrodes are used because they are not acted upon by the: sulphuric 
acid. The vessel contains water mixed with few drops of sulphuric 
acid. Water is a poor conductor of electricity. Sulphuric acid is 
to make it good conductor. Two graduated tubes T, and T, filled with 
acidulated water are inverted over the electrodes and held in position 
as shown. This arrangement is called water voltameter. 
current is passed through it, water is decomposed into oxygen and 
hydrogen. Oxygen is collected at the anode in tube T, and hydrogen 
is collected at the cathode in tube T;. 5 


Acidulated 
water 


Fig 7.17 


Theory ; Sulphuric acid when dissolved in water dissociates into 
hydrogen and sulphate ions as follows : 
H,SO,—>2H*+SO-,- 

The. hydrogen ion (H+) carrying a unit positive charge moves 
towards the emacs: and the sulphate ion (SO-,-) carrying two units: 
of neeative charge moves towards the anode. The hydrogen ions give 
their charge to the electrode and collect at the top inside the tube To. 
The sulphate ions too give up their charge at thé catnode. They ‘being 
unstable combine with water to form sulphuric acid as below: 

280, +2H,O+2H,S0,+0, 
The oxygen so liberated collects at the anod: i> x2 tube Th 
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Copper Voltameter : A copper voltameter consists of a glass 
vessel containing copper sulphate 
‘solution as electrolyte and two copper 
plates as electrode Fig 7.18. When 
copper sulphate is dissolved in water 
it splits up into Cut? and SO”, ions. 
The copper ions carry two units of 
positive charge and the sulphate ions 
two units of negative charge. 

CuSQy—>Cu*+ +S0-,- 

When the electrodes are connec- 
ted to a battery through an ammeter 
and a rheostat the Cut* ions move cuSO 
towards the negative plate and after 4 
delivering their charge. become neutral a 
atoms. The SO-, ions go to the Fig 7.18 
positive plate and combine with the 
copper atoms of the electrode to form CuSO,. The CuSO, so formed 
goes into solution and the concentration of the solution is maintained. 
Thus the cathode gains as much copper as the anode loses. 


Faraday’s Laws of Electrolysis: Faraday stated two laws of 
electrolysis : ‘ 


LawI : The mass of the substance deposited or collected 
at either electrodé is pruportional to the current and to the time i.e., to 
the quantity of charge passed. 


If mis the mass of anion deposited or collected at the 
electrode, then 


molt 
or moa. 


where I is the current in amperes flowing for ¢ seconds and q is 
the total charge in coulombs passing through the electrode. 


Where zis the constant of proportionality and:is called the electro 
chemical equivalent (E. C.'E.) of the: substance. Its value depends 
upon the nature of the substance. Thus we may define E.C.E. as 
the mass in grams liberated by one coulomb of eleciricity pussing through 
an electrolyte. Hence 


Mass of the substance deposited : 
ECE= “~~ Current Tim me) 


; 
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The value of E.C.E. of a few substances is given below : 


B.C.E. (g/coulomb) | 


0.0011180 
0.0003294 


0.00068 12 
0.0003041 
0.00008291 
0.00001 046 


Law Il The masses of different substances liberated b y the same: 
quantity of eleciricity are proportional to their chemical equivalent. 


According to this law if a current is passed through a solution . 


of CuSO,, AgNO, and acidulated water for the same t ime, then for 


every one gram of hydrogen liberated, 108 grams of silver and 31°5 
ams of copper will be liberated. We may write ifas 
Mass of substance A deposited _ Chemical Equivalent of A 
Mass of substance B deposited Chemical Equivalent of B 
++(3). 
Z ; i — Atomic weight 
(Note : Chemical Equivalent Maa) 
From the relation (2) above we get 


Mass of substance A deposited__E.C.E. of A 
Mass of substance B deposited E.C.E. of B 


Ma as E, 
on Mp Es © 
Thus relation (3) becomes i 


Mass ofA deposited Chemical equivalent of A. 
Mass of B deposited Chemical equivalent of B 
_ ECE. of A 


ECE. of B 


Experimental Verification : To verify the first law experimentally 
take a copper voltameter and connect.a battery, an ammeter, a key 
and a rheostat in series with it as shown in Fig 7.19. Pass a known. 
current for a certain length of time. By weighing the catHode before 
and after passing the current, calculate the amount of copper 
deposited. 


Fig. 7.19 


Repeat the experiment with double the current but for the 
game time. It will be found that the mass of copper deposited is 
double than that in the first case. Repeat the experiment once again, 
passing the same current as in the first case but for double the 
time. It will be found that by doubling the time also, the. amount 
of coppet deposited becomes double. This verifies the first law of 

faraday. 


To verify the second law, take three voltameters containing 
acidulated water, copper sulphate solution and silver nitrate solution 
iu Ceiling Join the three in series with a battery, ammeter and 
@ theostat as shown in Fig. 7.20. Pass a suitable current through 
them for sufficient time. As they are all in series the same ‘current 
will pass through them for the same time. ‘Measure the volumes 


Fig. 7.20 


of hydrogen and oxygen collected in the water voltameter. Knowing 
‘the s, calculate their masses from the formula. e 
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Mass of gas=Volume of gas at N.T.P.x Density of gas at 
N.T.P. By weighing the cathodes of the CuSO, and AgNO, 
voltameters before and. after the passage of current. Calculate the 
amount of Cu and Ag deposited in the two cases. 


It is found that for one gram of hydrogen liberated, 8 grams 
of oxygen, 108 grams of silver and 31°5 grams of copper are liberat- 
ed by the current. But these numbers give the chemical equivalents 


of these substances respectively. Hence the second law is also 
proved. 


Faraday: According to Second’Law of Electrolysis 


ms B 
From the First Law of Electrolysis 
ma=Zag 
and ms=Zsg 
Combinmg the two laws, we have 


or i 


In general, 


-E =constant =F where F is known 
as Faraday. 


‘From First Law of Electrolysis, 
m=Zq 


poe 


nm 
If m=E, then ; fre] 
i ici uired to 
is the quantity of electricity req 
Hence a Faraday a 


liberate one gm equivalent = 
One Faraday represents 96500 coulomb of electricity. 


ae nl 
ee | 
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Charge on a monovalent lott xn Pe 96500 


N 6023x103 
=1°6 x 10-%C 
where N is Avogadro's Number, 
(For monovalent ion, Atomic weight = Chemical eq.wt.) 
Example 7.8 ; 

For what time must a current of 2'5 amp. pass through a 
solution of zinc sulphate to deposit | gm of zinc? ECE. of zinc 
*='0003387 8 coulomb) 

‘Solation: We have 
m= zit 
Here m=1g 
2='0003387 g/coulomb 
im 25 A 
Po EL ! 
~ 2 "0003387 x2S 
= 1181 seconds 
=19 minutes and 41 seconds 
Example 7.9 : 


Acarrent of 2 A passing for half an hour through a water 
vorunee liberated 423 cc of gen measured at 13°C. 
and sO 


cm pressure, Calculate the ECE f hydrogen. (1 litre 
Of hydrogen at N.T.P. weighs 0'089 g) 
Solution : 
Volume of hydrogen collected at NTP 30 ce 
423 x 273 x 80 x 0089 
Mae Ot hy ge TER Tt 
Quantity of electricity Passed=2 x 60X 303 600 coulombs 


: 423 273 80x 0.089 
“ E.CE. of Hydrogen= 286% 76 x 100033600 


=0'0000105 g/coulomb. 


Measurement of Curreat by Silver Voltameter : Since the mass of 
substance deposited in any rain time is proportional to the current, 


a  s—s 


be 


amperes deposit \ 
“of gold per hour E.C.E. of gold =0°000681  g/ coulomb 
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it is possible to use a voltameter for measuring current. The 
standard voltameter is due to Rayleigh. Jt is a silver voltameter 
Fig. 7.21 in which a disc of silver hangs in a solution of silver nit- 
rate contained in a clean platinum bow}. The bowl serves as the 
cathode and the disc as the anode, When a current is passed silver 
from the solution of silver nitrate decomposes according to the 


teaction. s 
AgNO,-Agt+NO, 


Fig 7.21 


The silver so liberated goes to the bowl and is deposited ‘there. 
The nitrate ions go to the anode and react with it forming, AgNOs 
and thus the strength of the solution is maintained constant, If the 
bowl is weighed before and after passing the current, the mass of 
silver deposited can be calculated, Knowing the time for which the 
current is passed and E.C.E, of silver, the current in the circuit can be 
calculated from the formula 
I= 
it 
If an ammeter is connected in series in the circuit the 
Accuracy of the instrument can be checked by this method. Measure- 
Seen, of current by a’ voltameter is a very Process but is very 
te. 


The electro chemical equivalent of silver has been determined 
with great accuracy, esis this is used to define the unit quantity of 
clectricity. According to international agreement a coulomb is defined 
48 the quantity of electricity which liberates 0°0001118 g of silver by 

Tolysiy. 
Example 7.10 : 
How man: are required to it on the cathode 5 gm 


an ammeter connected in series reads.2°0 A ., find the error. 
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Solution : 
M ss deposited =E.C.E. x number of coulombs used 


=E.C.E. x (amperes x seconds) 
5 g =0'000681 g/coulomb x I x 3600 s 


acs: 
ka '= Top0e81 x3600 ~ 74 A 


Error in the ammeter reading =0°04.A 


‘Some. Applications of Electrolysis 


1. Electroplating :. Electroplating is a common application of 
electrolysis. The object of electroplating is to give articles made of 
one metal a coating of another metal, either to improve their 
appearaace or to protect them against rusting and tarnishing. 

The method is to set up a voltameter with the article to be 
plated as the cathode, a piece of the plating metal as anode and a 
solution ofa salt of the plating metal as the electrolyte: When 
a suitable current is passed through such a voltameter, the 
metal is deposited on the article serving as cathode. In this way 
table forks, spoons, and ornamental objects made of inferior metal 
can be.coated with silver to improve their appearance. Iron’ articles 

are coated with nickel and chromium to protect them against rusting. 
They are usually first coated with copper, as nickel and chromium 
stick better to copper than to iron. ‘Galvanized’ iron sheets have a 
coating of zinc. 


2, Electrotyping : Electrotyping is commonly used in printing 
books. A wax impression of the type is made and the surface of wax 
covered with a layer of grapnite or other material to make it conduct- 
ing. This conducting wax impression is then made the.cathode in a 
copper voltameter and a layer of copper of sufficient thickness 
is deposited on the wax. The copper replica of the type is then 
heavily backed with an alloy of lead, tin, and antimony and is used 
Lie oat Metals other than copper may be used in the same 

er. 


4, Purification of Metals: Electrolysis has been found very 
useful in purifying metals such as copper. Large anodes of impure 
Fe eas are placed in large vessels cantaining a solution of CuSO, with 

na copper ‘by weight and 16 free sulphuric acid. The copper 
an contain many impurities, such as lead, arsenic. iron, and 
ibly selenium and some gold, By usingasuitable current and 
ceping the potential difference between anode and cathode little 
above 0°34 volt, all the materials but gold go into solution, the gold 
falling _to the bottom. If the potential difference is less 
thaa .0:34 volt, only copper deposits on the cathode, the other 
metals remain in the solution. Zinc, cadmium aad other metals may 
be separated in a similar manner. 


_ 4. Decomposition of Salts: In 1806 Sir Iiumphry Davy first 
Obtained small quantities of metallic sodium an Dobkin by 
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electrolysis. Today most of the supply of these: metals is produced 
by electrolysis of sodium or potassium hydroxide with iron 
electrodes. 


5. Electropolishing. : Electropolishing is.the reverse of ‘electro- 
plating and is of great interest to Metallurgists. If an object, 
such as a stainless steel spoon, is placed in an electrolytic bath and 
made the anode,with copper or lead electrode as the cathode, then - 
with a suitable electrolyte, metal is removed from the anode by the 
action of electric current. The elevated portions of the anode are 
preferentially dissolved. The result on the anode is similar to that 
of polishing. 


6. Monufacture of Chemical: The manufacture of oxygen and 
hydrogen has been already mentioned in water voltameter. A very 
commonly used chemical, caustic soda, is prepared by the electrolysis’ 
of NaCI solution. 


7. Measurement of Current and £.C-E.: This has already been 
describedin details above. 


Storage Cells: The storage cell or accumulator is an - applica- 
tion of the principles of electrolysis. The fundamental principle. of 
the accumulator may be demonstrated by means of two lead plates 
(8 cm.x 6 cm.) immersed in dilute sulphuric acid and fitted as a water 
voltameter Fig 7.22 (a). 


{a} (ey 
Fig 7.22 


When current is passed hydrogen is collected at the cathode 
and oxygen at the anode. All the oxygen liberated does not appear 
as gas. A portion of it combines with the lead on the stnface of 
the anode, forming a dark grey peroxide of lead (PbO,). Let the 
Current be passed for sometime so that an appreciable quantity of 
lead peroxide is formed. Remove the battery from the circuit" and 
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feverse the connections of the voltameter as in Fig 7.22 (b). When 
the circuit is completed the ammeter will show a small current. 
Obviously this passes through the voltameter in the opposite direction 
to that of the charging current. Thus an e.m.f. which acts in the 
opposite direction is set up. This opposing e.m.f. which is produced 
in the electrolyte due to absorption of ions at the electrodes is knoy 

as back em.f. andthe phenomenon is known as polarisation. The 
plate which was the anode when being charged becomes the 
positive plate of the charged voltameter. During the discharge, 
an electrolytic process is going on. The hydrogen travels with 
the current and moves towards lead peroxide. The hydrogen then 
feacts with lead peroxide, removes oxygen from it and thus 
changes it to lead again. As soonas this process is completed the 
current stops. With repeated use the lead plates become efficient. 


In the process of charging, the energy of electric current is 
converted into chemical action. In the process of discharging chemi- 
cal action is converted into electric current. 


The original type of accumulator consisted of two sheets of lead 
rolled up together and separated by felt or similar material. Plante, 
in 1860, found that frequent charging and discharging improved the 
efficiency of the plates because the amount of surface area increased 
with the formation of -spongy or porous lead. Large surface area 
can absorb more hydrogen and hence can give current fora much 
longer time. 

The process was improved by Faure. He tound chemical 
methods of Speeding both manufacture 
and preparation by using a preliminary 
Coating of red lead (litharge). 


In its present form the lead storage 
cell consists of a container with 
two or more plates of prepared 
lead placed in sulphuric acid and 
water. The plates are made in the form 
of grids as shown in Fig. 7.23. 


The negative plates have grids con- 
taining lead oxide, PbO, and tie positive 
Fig. 7.23 ~ have grids with red lead, Pb,O,. These 

‘ cells ate “charged” by driving a current 
through them at greater e.m.f. in the direction reverse to that of dis- 
charge. One:plate then becomes cated with PbO, (++) and the 
other becomes lead (—) in a $pongy state. 


The reactions which take place during the discharge of the cell 
are as follows : 


At the positive plate : 
PbO,+H,=Pb0+H,0 
PbO + H,SO,=PbSO,+ H2O0 
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At the negative plate : ve 
Pb+O=PbO 
PbO+H,SO,=PbSO,+H,O 


{ Charg ing 


Fig. 7.24 Discharging Fig. 7:25 Charging 


The reactions which take place during charging of the cell are as 
follows : 
At anoue ; 


PbSOg +:0-+H,O=Pb0,+H,SO, 


At cathode : 
PbSO,+H,=Pb+H.SO, 


During the passage of the curzent through the cell from the 
Negative to the positive plate .sulphuric acid is ¢lectrolysed. The 
hecroged travels with the current and is liberated at the. positive 
plate. 


During charging the quantity of sulphuric acid in the liquid 
of the cell is increased. Hence its specific gravity increases, During 
discharge acid is taken from the liquid, hence its specific gravity 
decreases. For this reason tie specific gravity of the liquid is often 
used for testing whether a cell is charged or is in need of furthur 
charging Relativedensityofelectrolyte rises to about 1°3 on full charge 
and decreases to 1*1 on discharge. 


” Storage batteries need to be kept in use by charging end recharge 
ing at moderate rates. They raust be kept clean and suppli¢d with 
distilled water as it evaporates or is decomposed during charging. The 
lead cell has a low internal resistance and a steady e.m.f of 21 volts 
which‘decreases when the battery approaches complete discharge. 


This type of cell is called Jead accumulator because the positive 
and negative plates are of lead. 
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' . Edison Accamulator : Edison tried to make a storage cell of less. 
weight and lo: life than the lead cell. An Edison cell consists 
“of a steel vessel containing a solution of 20% KOH in distilled water. 
The plates are made of steel grids. The positive plate is filled with 
“nickel hydroxide and flaked nickel and the negative plate contains 
iron hydroxide having a trace of mercuric oxide which decreases its 
internal resistance. 

Charging Process : KOH molecules dissociate into Kt and OH- 
ions. When a current is passed OH- ions move towards the posi- 
tive plate and the K+ ions move towards the negative plate. At the 
plates the following reactions take place : 


Anode : 
2Ni(OH), +20H-2Ni(OH), 
Cathode : 
Fe(OH), +2K + Fe+2KOH 
; Discharging Process : Duting the disc’\arging of the ‘cell the 
following reactions take place : ; 
Anode: ~ 
2Ni (OH), +2K—2Ni(OH), +2KOH 
Cathode : 
Fe+20H-Fe(OH) 


Edison accumulators are light, strong and durable. They may 
be left uncharged for long periods without damage. Even freezing 
does not destroy them, It is not damaged by overcharging or over- 
discharging. It is ‘fool proof’ but costly. Its e.m.f. is about 1'2 
volts but is not as steady as that of the lead ceil. 


Cells like Daniell and Leclanche are cz’led primary cells. In 
these cells the energy is produced by chemical reactions. As aganist 
these the storage cells are called secendary cells, Here the energy is 
first given to the cell during the process of charging. This energy 
is stored in the cell and is given out when the cell is discharge, 


7.5, MAGNETIC EFFECTS OF ELECTRIC CURRENT: 


So far we have been developing the idea that the universe is a 
collection of discrete particles moving through empty, featureless space. 
We have also assumed that, in the ultimate analysis, the behaviour 
of the universe must be described in terms of the motion of these 
articles, and that this motion can be expiained and predicted if we 
‘now certain laws that tell us the acceleration given to a particle by 
its interactions with the other particles. You have already studied 
the first two of these laws, Newton’s Law of universal gravitation 
and Coulomb’s Law for electrostatic forces in the Xth class. The 
next step is to consider a third type of force which exists between two 
moving charges and which ts the origin of magnetism. Unfortunately 
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the laws governing magnetic forces. cannot be expressed as simple 
as the law's of gravitation and electrostatics. In the early nineteenth 
century when the laws of magnetism were being discovered, the dis- 
covery was considerably aided by the new attitude to the nature of the 
“universe embodied in the concept of electric and magnetic fields 
Towards the end of the century, Clerk Maxwell was able to explain 


elegant equations describing the behaviour of the electric and magne- 
tic fields. Simplicity and success are two powerful advocates for any 
scientific theory, so we must now turn our attention towards this new 


the other is given by Coulomb's Law. We are also aware of the force 
that one magnet exerts on another. This is called magnetic interac- 
tion. The interaction between electric and magnetic forces is knowr 
as electromagnetic interaction. 


Fig 7.26 


This action-at-a-distance worried many scientists and philoso- 
phers, who felt that two bodies could interact only if they were in 
direct contact with one another @g., pushing a body, pulling a docr 
etc. How do the gravitational, the magnetic and the electric forces 
transmit themselves from one object to another ? The interaction 
between two bodies through intervening space can be understood by 
introducing the concept of field. Let us illustrate it by taking the 
examples ~f the force between two charges.: 


Electric Field and its. Properties : Just as the gravitational field at 
any point in space is defined as the gravitational force per unit mass 


on a small body placed at the point; similarly the electric field is the 
electric force per unit charge. If a charge q is placed at a point where 
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The electric interaction between two charges can be understood 

by saying that one of the. charges sets up an electric field in the 

ing space, this field acts on the other charge and produces 

the observed force. Since the force is mutual, we may regard any 

one of the charges to be a source of the field which acts upon the 

other. The electric field thus acts as intermediary for interaction 
‘between the two charged bodies, 


Fig. 7.27 


Consider a charge -+q situated at some point O (Fig. 7.27) in 
space. it creates amelectric field around it (represented pictorially 
by electric field lines), These lines are such that the direction of 
* 
Eat 


any point is tangential to the field line passing throu that 
point. Electric field lines always diverge from Tpoailve te and 
Sonverge upon a negative charge. We call g, the source charge. 
Mf another charge go, which we call the test charge, is placed at some 
point Pat a distancer fromthe source charge qin this field, it 


experieaces a force F given by 

> > > 

F=q, Ewhere E is the electric tield intensity at 
point P. 


Now the electrostatic force on o is 


t= 9% ~ (Coulomb’s Law) 


ee es 


TAL 
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where y is a unit vector from to = fe 
is the permittivity of free spies: aia ak ts ee 


=9x 10° Nm?C-* 


4n «9 
is a constant. 


> 
Hence electric field E, due to g, at the point P is, therefore, 
given by 


IS 
papnodh A MAt Alain 
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In the above discussion the source of the field was a stationary 
charge. Jt is found that a moving charge is alsoa source of electric 
field If the charge q is moving then the force on a stationary charge. 

> a > 


is still given by F=q,E where E is the electric field due to ‘the mov- 
ing charge q at the site of qq at the instant of observation. For small 
velocities of g, the field is the same as due to a stationary charge g. 
For high velocities (of the order of velocity of light i.e., 3x 10°ms**), 
the field becomes somewhat complicated. 


ay 
An electric field E associates a vector with each point in space. 


> 
The units of E are  mewton /coulomb. The electric field obeys 
principle of superposition, t.e., the electric field produced at a-certain 
point in space when there are number of sources is the vector sum 
of the electric fields that each source charge would individually 
produce if it alone were present. 


> > ‘ 

The force equation F=q,E enables usto define the electric 

field at a point without reference to its sources. If a test charge qo 

placed at rest ata point in space experiences a force, we-say an 

electric field exists at that point. The strength of the field is the 

force per unit charge on the test charge g, and its direction is the 
same as that of the force acting on a positive test charge. 

An important property of the electric field is that the force that 

it exerts.on a test charge is independent of the velocity of test charge 


~~ 
i.e., if there is an electric field E ata point, the force exerted ona 


test charge gq at that point will be gE, irrespective ofthe fact 
whether'the charge qp is at rest or in motion. 
Force Between Moving Charges (Definition of Magnetic Field} 


Fig. (7.28) illustrate a simple experiment to demonstrate 
“the forces sar electric currents. The vertical wires W, an? W 
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_ afe freely hinged at the top and their lower ends dip into mercury 
pools. This leaves the wires to move sideways, but also, since 
mercury is a metal and conducts electricity, enables electric currents 
to be fed into the wires from the two storage batteries shown. When 
the storage batteries are connected so that the two currents flow in 
the same direction, the wires move toward one another. When the 
currents flow in opposite directions, the wires move apart. Thus 
parallel currents moving in the same direction attract one another. 
Parallel currents moving in opposite directions repel one another. It 
is conyenient to imagine, that one current produces some kind of 
field which exerts a force on the other current. Let us investigate 
the nature of this field. 


Fig. 7.28 


In the above experiment the wires always contain as many 
[bec as electrons and do not accumulate any net charge. The 
forces between, the wires are not the electrostatic forces (Coulomb’s 
Law), they are a consequence of the fact that electrons are moving inside- 
the wires. Hence the field cannot be electrostatic. Moreover if ve 
remove wire W, and place a charged conductor there, it experiences. 
ne force. This. field, therefore, does not interact with Stationary 


charges. 


Further, if there is no current in the wire W;, the mutual force 
of attraction or repulsion also vanishes, although current in the wire 
W; and its field are still there. J: follows, therefore, that the field due 
to the current in the wire W, acts on the wire W, only when there is a 
oe through it.i.e., when there is a flow of charge through the wire 

‘% 

To test whether the field acts only upcn the charges moving 
in a conductor or it also acts on charges. moving freely, we replace 
the wire W, with an evacuated cathode ray tube to which a high 
voltayc 1s applied between its two electrodes (Fig. 7.29). As the 
negatively charged electrons make. their way from the. negative 
electrode to the positive one carrying’ the electric current, the 
electron beam bends. In other words a force acts cn the moving 
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charges. The magnitude of deflection varies with the direction 
motion of the ch urges in the beam. It is found that there is a discon. 
= which the eae is zero and at right angles to it, the deflection 
is a maximum. Iso the deflection is found to b 

speed of the electrons. . s AS blast fey 


Fig. 7.29 


From these observations from the above mentioned experiment 
‘we come to the conclusion that when two charged particles are both 
én motion, they exert on one another a new kind of force that depends 
upor: their velocities and is zero if either veloctty is zero. So we have 
a field which exerts, on a moving charge, a force, which is velocity | 
dependent. We call it the magnetic field. This new field (or force 
4s responsible for the magnetic properties of materials such as iron bar 
magnets und also for the magnetic effects of electric currents. 


If we were to proceed as we have done previously, we would 
consider two charges q, and gz a distance r apart moving with 
> 


aa 
velocities vy, and vz. We would then write down a law, similar to 
‘Coulomb’s Law of electrostatic forces expressing the force in terms of 
the charges, their velocities and their distance apatt. Unfortunately; 
it is not possible to formulate such a law in any simple form. Even a 
teasonable approximation to the law is rey cumbersome. At, this 
point, the concept of the electromagnetic field makes the discussion 
much: simpler- 


: We can put the observations concerning the force ona charge 
in a magnetic field into mathematical form. Let us imagine that 
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_ ft positively charged particle is travelling at right’ angles to the field, 
it will be feeas experimentally that the charged particle experiences. 
a force which has its maximum value. The magnitude of this maxi- 


é 
mum force, F depends on 
(i) the charge, g carried by the particle, and 


> 
(ii) the velocity v of the charged particle ie., 
te, F x gv 


> > 


where B is a constant of the field and is known as magnetic induc- 
tiom (or magnetic field). It is a vector quantity, 


When g=1 coulomb 
v=1 ms7} 
then F=B 


_ Thus magnelic induction may be defined as that characteristic 
of the magnetic field which is numerically equal to the force experienced’ 
by one coulomb of charge while travelling at a speed of one metre per 
second at right angles to the field. 


From equation (i) we find 
F 


Ba _ 


qv 


Thus the unit of B is N/C ms~* or N/A-m. In S.I. system, the 
name tesla (T) has been given to this unit in honour of an American 
Engineer Nikola Tesla. 


A magnetic ficid of one tesla will give rise to a force of one 
newton on.acharge of'one coulomb while moving at one metre per 
second perpendicular to the field. In the C.G.S system the unit of 
B is gauss as a field of tesla isa very strong magnetic field. This 
unit is most commonly used and it is named after the German 
mathematician and physicist John Karl Friedrich Gauss who achieved 
a great deal of understanding of the earth’s magnetism. 


1 gauss=10~T 


or to sro (fl) 


When the charged particle travels the direction of the magnetic 
field instead of at right angles to ia above, the magnetic 


—— 
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zero. But if the charged particle is travell- 
dicular to the magnetic ficld then in this 
In this general case, let the angle 


force on it is observed to bs 
ing neither parallel nor perpen 
situation what about the force ? 


ane 
between the velocity v of the particle and the magnetic field B be 9- 
> 


Then resolving the magnetic field B into two rectangular components 
> > 
he velocity and B sin @ perpendicular to the 


Bcos @ parallel to t 
he former gives no force on the charged particle 
> 


velocity, we find that t 
while the latter exerts a maximum force F given by 


> 
F=qv B sin 8 
Therefore, the net force in the general case is given by 
———__—— 
F =qvB sin 0 «»-(iii) 
; > > 
which is directed perpendicular to the plane containing vand B. In 
terms of vector notation, the above relation (iii) be written as 
> >>| 
IF=q (vx B) o-e(iv) 


which gives magnitude as well as direction of the force on the positive 
> 


~> > 
charge. The relationship between F, vy and B is shown. in Fig . 
7.30. It is governed by the usual rule for a vector cross product ; 
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bs 
the direction of F will be the one in which the right handed screw 
> > 
” will advance by a rotation of y towards B through the smaller angle 
~ > 
between them. Thus if v and B lie in the X—Y plane (Fig 7.30), 
“4 


F will point out in the Z—direction. The direction of B is the direction 
ofthe magnetic field lines, 


For a beam of electrons g is negative and it follows from equa- 
> >_> 
gion (iv) that F has the opposite direction to that of (vx B). 


Some students May wish an alternative rule to use for finding 
the direction of the force on a charge moving through a magnetic 
field. Several are available, but, right-hand screw rule is usually the 
most easy to use once you learn how to approach it. However, 
you might wish to resort to the following : 


Open your right hand and Place your right thumb along the 
direction in which a Positive charge would move, that is, along the 


> 
direction of the velocity y, and Place your fingers in the direction of 
> 


Magnetic field B ; then your palm will be pushing in the direction 
he force on the charge as shown in Fig 7.31. 


From equation (iii) above, it 


> > 
follows that when B andy are at 
Tight angles, @=90° and sing=1. The 
force will then be a maximum, it, agree- 


ment with experiment. Likewise, if 
> > 


vand B are parallel, that is when the 
charge moves parallel to the magnetic 
field, the force will be zero since @=0° 
or 180° and sin 0°=sin 180°=0. Of 
course the force can also be zero if the 
magnetic field is zero or -celgrin pet 
important to remember, # ‘orce 
Fig. 7.31 Right Hand Rule be zero if the charge is Lilt in the 


> > 
magnetic field. When v=0, then F must equal zero. Charges only 
experience a force in a magnetic field when they ‘move. 


So far, our study of the force between moving charges (ot 
effect of magnetic fields on moving electric charges) has been an 
academic exercise, but the Phenomenon also has vast practical uses. 
It was one of the most important principles involved in advancing 
the nascent science of atomic physics early in this century because 
it made possible to design of apparatus capable of producing high 
Speed charged particles (cyclotron) or capable of determining the ratio 
of the charge to the mass of electrons (J.J. Thomson’s method) etc. 
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1.6. MOTION OF A CHARGED PARTICLE UNIFO! 
MAGNETIC FIELD oe — 


Consider a charged particle carrying a positive charge @ to be 
> 
traveuing with a velocity y in a direction perpendicular to a unifornt 
> > 
magnetic field B (uniform means that B has the same magnitude 


and direction at all points throughout the re; ion of space inside 
which the particle moves). In Fig. 7.32 “ ath mite ap oeh 


Uniform magnetic field 
B (into the page) 
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Fig. 7.32. Motion of a charged particle in a uniform magnetic field 
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field exists which is perpendicular to the plane of the paper but 
pointing into the paper. The charged particle, therefore, experien- 
ee 


ces .a force F=qv B in a direction that is perpendicular to both B 


any. Whena particle moves in a direction perpendicular to the 
force acting on it, the force does no work. The energy ‘of the parti- 
cle, therefore, remains constant. Since the energy in this case is 
entirely kinetic energy, the magnitude of the velocity must remain 
constant. Only the direction of velocity will change. The force, and 
therefore the acceleration, are always ndicular to the velocity. 
These are exactly the conditions for uniform circular motion. Thus the 
charged particle follows a circular path of radius r and has centripetal 


acceleration +, If its mass is m, then according to Newton’s 


Second Law of Motion, 


centripetai force =mass x acceleration 
mv" 


my? 
a aye Pe wal v)> 
Equation (v) can be arranged to give the radius 
papal 
oy qB oi(vi) 


The faster the Particle moves, the large is the radius, The larger the 


Ss 
applied field B; the smaller is the Tadius. Heavy particles are more 
difficult to bend into circular paths than light particles. 


Fig. 7.33 shows the curved tracks of electrons moving in a 
Magnetic field that is Perpendicular to the page and paints towards 


Fig. 7.33 
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the reader. At P a certain process suddenly produces two negatively 
tharged electrons (e~) and a positron (e+) which is identical with an 
electron except that it is positively charged. The electron e~ which 
moves off to the left follows a circular path in the magnetic field but 
slows down as it loses enegy in collisions. As its velocity decreases, 
the radius of circular path decreases (equation vi) and so it spirals 
inwards. The positron e+ which moves off to the right has the oppo- 
site charge and its path is curved in the opposite direction. The 
electron e~ in the centre has a very high initial velocity and so the 
radius of its circular path is very large. 


Let us reiterate one aspect of our discussion to clarify the 


> > 
significance of the electric field E and the magnetic field B at any point 
(say P) in space. If a charge g is placed at that point P, the electric 
field enables us to calculate that part of the force on it which is inde- 
> > 


> 

pendent of its velocity using F=qE. ‘The magnetic field B enables. 

us to calculate that part of the force which depends on the velocity 
—-> >> 


of the charge using equation F=gq (yx B) and right hand screw rule, 
Ifthe magnetic field acts at right angles to the direction of travel of 
the charge, a0 work is done by the magnetic field op the charge and 
hence the speed of the charge cannot change but the magnetic field 
can only change the direction of its velocity. An electric field on the 
other hand, can accelerate a charge and the electric force always gives 
tise to force which acts along the tield. 


71.7 CYCLOTRON 


Thjs is the most important of the high speed particle generators 
and was’first devised in 1930 by Lawrence, in California, who was 
awarded the Nobel Prize in 1939. Here the particle is accelerated in 
several steps using the same source of potential difference ; each step 
being so synchronised that it produces an accelerating influence on the 
Particle at each stage. Thus the necessity of very high potential 
difference to start with is dispensed with and the final velocity of the 
Projected particle corresponds to a. potential difference of several 
million volts. 


Cyclotron (Fig 7.34) consists of a flat, Cylindrical copper 
chamber split into two parts D,, D, each part called a “Dee” by a 
diametrical cut. These are then placed in vacuum chamber about 
90 cm in diameter and 16cm high, which is mounted horizon- 
tally in a vertical magnetic field produced by the pole-pieces N 
and S from a huge electromagnet. The whole thing’ is cooled 
in a water tank in which cold water is circulating. A rapidly 
alternating potential difference of about 10.000 volts‘at a frequency 
of the order of 10.000 kilocycles per sec. is maintained between 
the dees with the help of a transformer and a high frequency 
valve oscillator, the appare 5 being similar to a short-wave- 
transmitter.A heated filament is placed in the gap between the 
Clectrodes, and on passing an electric current; emits’ therm- 
ions which ionise some of the gas introduced at low pressure 
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into the chamber. Thus hydrogen gas yields protons, deuterium gas 
‘produces deuterons and helium gas produces «-particles. 


(b) Side View 


Fig 7.34 


Suppose a positive ion is formed at P when D, is positive and 
Dy, is negative, then it will be accelerated under the action of the 
electric field and travel into the negative dee D,. Once inside the dee, 
‘the ions move with a constant speed under the action of the magnetic 
field{alone and'follow a semi-circular path of small radius r given by 


By 
> 
where B is the intensity of the magnetic fleld, q the charge on the 


ps 
positive ion, v its velocity inside the D, m its mase and r is the radius 
-of the circular path inside the dee, 


eeBges. 
Y m 


where w. is the angular velocity of the ion. The time 2 Tequired to 
describe a semi-circle with this angular velocity is 

joe 
w Bg 
and is constant so Jong as the mass of the ion m-remains constant 
4.¢., so long as the velocity of the ions does not closely approach 
the velocity of light and the relativistic increase of mass is not appre- 
ciable. 
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Now, if by the'time the ion emerges out af the other end of the 
dee D,, the potentials applied to the dees get reversed, so that D, is- 
Now positive and D, negetive, the ion will ‘again get accelerated in 
the gap and enter the dee D, with greater velocity, and hence under 
the influence of the magnetic field again describes another semi- 
circular path but of larger radius. This process is continued, the ion 
gaining in speed each time they pass from one dee to another. until 
they finally emerge out with very large velocity. It-is, therefore, thus 
essential that the applied poteutial differerce should also have the 
semi-periodic time given below : 


Angular frequency of the ion=w=2nf where fis the frequency and 


T is the time period. 
= 2k 
T 
: w _ By 
Ree oe 2x = 2nm i 
and Time period of the ion= T= — = 
*, Semi periodic time of the applied P.D,=} T= 7 
i does have dimensions of time i.e. aa =T 


and thus be in resonance with the periodicity of the ion. 


The largest cyclotron is housed in William H, Crocker Radia- 
ation Laboratories at Berkeley in California, and has a 1°524 m 
diameter of the vacuum chamber and powerful electromagnets. This 
accelerates deuterons which emerge with ‘a kinetic energy of 24 Mev 
(1 Mev=1°6 x 10-"8J), Such a beam has a velocity of 2x 105 km 
seg. and 600 trillion particles come out every sec 3 giving an enor- 
mous energy. If the beam is ejected into the air, it penetrates over 
1'53 m. The large consumption of power and the high cost of pro- 
viding powerful radio frequency systems make the 1524 m size 
about the practical limit of the cyclotron, so far as energies. are 
concerned, 


These high energy projectiles are used for bombarding nuclej 
or for producing other high energy particles such as neutrons by 
ne action of fast moving particles (from the cyclotron) on beryl- 
ium. 


With the invention of the cyclotron, it is thus possible to pro- 
duce high velocity protons, deuterons and %-particles which are power- 
ful bullets which can smash the atomic nuclei of other atoms. These 
have been mostly used in artificial transmutation of elements and 
for producing induced radio-activity in various elements which have 
found wide applications in radio-therapy as tracer elements, 
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7.8 J. J. THOMSON’S EXPERIMENT FOR SPECIFIC CHARGE 


(+) of Cathode Rays : (Discovery of Electrons) 


On reviewing the properties of cathode rays in 1897, Prof. J.J. 

_ Thomson at the Cavendish laboratory Cambridge proposed the rather 
startling hypothesis that cathode 1ays were streams of negatively 

. charged particles produced at the. cathode itself and moving with 
high velocity. He was the pioneer worker who devised an experi- 
‘ment by which the ratio of charge (e) to mass (mm) (i.e., specific charge 


(= ) of such particles could be determined. He employed the 
principle of crossed magnetic and electric fields. 


Description of Apparatus : 


The apparatus used for the determination of =, has been shown 


in Fig. 7.35. It consists of highly evacuated discharge tube in which 
the cathode rays are produced. C is the cathode which consists of a 
small aluminium disc and A is the anode. When a high potential is 
applied between C and A, cathode rays are emitted from cathode 


Fluorescent 
Material 


Fig. 7.35 Thomson’s Method of determining e/m 


surface normally and fall upon the cylindrical anode D. In D there 
isa small hole so that a pencil of cathode rays passes on to E contain- 
ing similar small hole. The narrow pencil of cathode rays finally 
strikes the surface of the discharge tube at P normally and produces 


eee due to the fluorescent material pasted at this end of the 
ube. | 


X and Y are two parallel plates between which suitable potenti- 
al difference can be applied and thus an electric field is produced bet- 
ween X and Y at right angles to the plates and in the plane of the 
paper. A strong uniform magnetic icld is applied within the same 
space (shown by dotted area) in a direction peroendicular to the plane 
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of the 3 i SOx 
Peo ete ee by placing the tute between the pole 


Theory : 


= . 
Let B tesla be the intensity of the magnetic field icula 
to the direction of motion of the cathode rays, jf os te chars 


ext 
in coulombs on each electron and y’ its velocity in metres it 
will be acted upon by a force Bev due to the magnetic field he, 


If r be the radius of circular path the centripetal force 
yt 
= will act on the electron. This force is obtained from force Bey 
acting on electron. Hence 


m y* 
Beye —— 
pales = aa 
“AST oo 
m~ Br om (2) 
zs 


If we can know r and », = can be determined. 


Determination of r i— After emerging from magnetic field af G the 
electron will travel in straight line and will strike the screen at Q, 
Now therefore scintillation will be seen at Q. 


In the Fig. 7.36 path of electron KGQ is Shown. Electron 
travels along the ars of a circle from K to G whose centre is C and 
tadius is r. ; ‘ 

Let PQ=d and Z POQ= /KCF=¢ 


d 
From A POQ, tan g= ter 


KF 
From A, KCF, tan =e 


* Powerful electromagnet consists of two circular coils situat, q 
the tube which hy Separated by a distance equal to their radius, Such od outside 
known as Helmholtz Coils and when a current is sent through them g 
field is in the central region which is almost uniform and whose magni- 
tude can be estimated from the radius and number of turns in the coile and the 
size of the current flowing in them, 


(di) 


Here KF is the length of magnetic field which can be taken. 
equal to length of X or Y plate. OP is length from centre of magne- 
tic field toP, d=PQ isthe deflection. All these quantities m{eq. 
(ii) can be measured from the experimental set up. Thus from above 
eq. (fi) ‘r’ is calculated, 
Dotermination of vy: 
we 

Now an electric field E newtons/coulomb is applied at right 
angizs to both the magnetic field and the motion of the electrons,. so 
that it produces a deflection of rays in the direction opposite to that 
produced by the magnetic field, Its value is so adjusted that deflection” 
becomes zero f.e., the fluorescent spot comes back to P. In such a 


Ks 5 
case the force on the electron due to the electric field is Ee and is 
balanced by the deflecting force Bev due to the magnetic field, 

Hence Bey=Ee : 


or vee .».(iii)- 


Determination of £ 


Putting equation (iii) in equation (i), we have 


woe (iv) 
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whore Electric eld bo=_P.D. between the plates XY. 
et Distance between the plates 


Thus substituting the values of r, E and B in equation (iv), e/m 
. can be determined, The current accepted-value of = is 1°76x 102# 


coulomb/kg. 
Discussion of Results : 
() In this pioneering work, Thomson obtained a value of 
< which was of the order of magnitude of 1°76 108 C/kg 


This value comes very close to that of moderna accurate 
measurements. 


(i) Thomson used a cold discharge tube as a source of ca 
thode rays instead of hot filament and found that the ca- 


thode rays had the same ratio of << reeardless of the gas 


J.J. Thomson's used ia the tube or the metals of the electrodes thus demo- 
tent 497" nstrating that cathode rays are to be found wide Spread 
rays are nega- througit nature and they were the lightest particles and 
tively charged were ull alike and that they could be obtained from mat= 
Particles com- ter which is ordinarily electrical ly neutral, Since matter 
ee fo is shade up of atoms, this implies that cathode rays exist 
ments. in atoms. In other words, ordinary neutral matter is made 
up of electrical constituents. He named these cathode 
rays as electrons. 


(ili) The results showed that the value of velocity of cathode vay 


3 I 
particles obtained varies from + to 10 th velocty of 


light ; hence very high. The velocity of cathode ray part 
cles‘evidently depends upon a number of conditiorts, chiefly 
on the pressure, and potential difference of the discharge 
tube. 

(iv) The deflection suffered by the cathode ray particle was too 
small. The electric and magnetic fields were not Strinthy 
uniform and the particles were emitted with different vei. 
cities and hence a dispersion effect was observed in bot 
the electric deflections. 


y) Tt will be apparent too that the apparatus used has the 
® basic features of the oscilloscope so widely used to-day, 


Example 7.11 


The voltage across the electrodes of a cathode ray gun ig 5C0 
volts. Calculate (i) the energy gained by the electrons (ii) increase i: 
the speed of the electrons and (iii) increase in the momentum of the 
electro: 


936 


Solution. 
Here voltage, V= 500 volts 
1.6 X16 1° coulomb 


-eharge of the electron, ¢= 
0-** kg 


and ‘mass of the electron, =m=9'1x 1 
(i) Energy gained by the electrons 
=Ve 
= 500 1.6 10-7* 
=8x10-7 J 


{ii) Let U be the speed attained by the electrons. 


yal 
m 
uf] Ix 16x 10-9 X 200 
m ot 


o1xI 


= + 10? ms~?= 13310" ms 


(4s) Momentum of the electrons =mU 
=o x10" x X10 


=12% 10-%4 ke ms-* 


Example 7.12 


An electron beam of problem (7.11) passes through & le! 
plate er. The electric intensity between tue plates fs vols 
cmrin, the distance between the plates is 5 cm and the lragth is 
Ocm. Calculate the defiection angle of the beam. 


(mass of the electron =9 x 10-*? kg) 
Solution : 


flere 
Electric Intensity E=20 volts /em=2000 volts/xa 
Force acting perpendicular to the path of the clestrons aod 
acting along the : : 

positive plate F=Ee=2000 16x 10-” 


=3'2x1078N 


157 
; reg Fs 3.2x10-%% _ 32 soveton 
Acceleration a= 77 eRe ES x104 ms~* 
Time taken by an electron to pass through 
distance __ 0.1 
the plates=!= “speed 4/3 x10" 


305 
by Wes ea Pig 


Displacement suffered by an electron perpendicular to its 


Y=— at 


fic a x10 \( 2 x10* y 
= 10-*m 


: Y 
se Deflection 0= —[-ngth of the plate 
10-7 


=-—— 


Ot 
wz 107? rad 


7.9 SOURCE OF THE MAGNETIC FIELD é 


We have read earlier that current’ cartying wire” pro 
duces & magnetic field, If the current is switched “off, ° the 
magnetic field disappears. It immediately suggests that magnetic 
effects are a consequence of the behaviour of moving charges. in 
other words a moving charge is a source of magnetic field. When 
there is no current in the wire, the electrons are in. thermal motion. 
Though each electron acts as the source of the magnetic field, these 
fields cancel out since electrons are moving in 2 random mannef. 
There is no net magnetic field as there 1s no net flow of charge in any 


direction. 
In an ultimate analysis all magnetic phenomena ci be related 
4o the interactions between charged fundamental particles, 
We now turn to the case of the magnetic effects of electric 
currents in metal wires, which was historically important to the 
electromagnetism. and which is still 
its engincering applications to electrical 
As already mentioned these mague~ 
te effects arc a consequence of the presence © -vs 
steadily along the wire. A great simplification is introduced by the 
fact that the drift velocity is always very much smaller than the speed 
‘of light. Also, the number of protons in the wire is equal to the 
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number of electrons and they cancel out each other’s electric field. 
However, although @ protcn is moving chaotically in ail directions, 
it stays in the vicinity of one point and has no net drift velocity to 
produce a magnetic field which would cancel the magnetic field of 
the drifting electrons. We can therefore, concentrate on the magne- 


tic field B and assume that the clectric feld E is zero. 
7.10 BIOT-SAVART LAW (Magnetic field due to some current 
« Istributions) : 


With the help [of Fig. (7.37) we shall consider the problem 


Er 
of calculating the magnetic field B at a point P due toa current F 
Bowne in a wire tent into any arbitrary shape. Concentrate upona 
short segment CD of the wire which is so short that it can be consi- 
dered to be straight. Jf we can calculate the contribution of this 
Segment to the value of magnetic field at P, then the wire can be 
completely divided up into such short lengths and the contributions 


from all of them added vectorially to give the total field B at P, 
Suppose that di is the length of CD and r is the distance from ‘CD to 
P. The current lis due to free electrons drifting with a velocity 


o 
¥q in the opposite direction to I. In accordance with our convention, 
let us reverse this drift velocity and pretend that the drifting charges 
&re positive and move in the same direction as the current. Let 9 be 
the angle between the direction of the reversed velocity and the line 
foining oe. Secroe Ms the poet ig aap! CD is es very short, 6 is 

same ior all the electrons and is the same as the angle between 
CD and the line joining the centre of CD to P, . 


Fig 437 Biot-Sayart Taw 
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* 
The magnetic field dB at the point P due tc the - 
element CD of length d/ is given by d the small curren | 


oe ~~ > 
deat (1) 


| 4n ra 
This law was propwsed by Biot and Savart in the early ninetesntla 
century to provide a consistent explanation of numerous experiments 
on the magnetic effects of currents, Jong before the discovery of the 
electron by J.J. Thomson in 1897. This law was arrived at 


empirically. 
Here py is a constant called the permeability of the wacuurs (or 
free space) and. its value pp =4n x1 07 TmA 


The magnitude +f the field is given by : 
i PUES GIT WATE TE 


I 
Idi si 
| dp fe 1Ae | wf) 


> >_> : 
The direction of dB is that of vector dixXr ie., is giver by riget 
> 


re (7.37) dB at the point P is directed 


handed screw rules. In the figu' 
ns . the plane of the figure. 


into the page at right angle to 


ped 
[he direction of dB can also he obtained by the following right 


hand flat. Point the thumb in the direction 


“Hold the right ? | the 
¢ fingers in the direction from 


of the current through CD. Point th 
-> 

CD to the point P, Then 4B is in the direction in which the hand 

would push”. ; 


Even when the Biot Savart Law has been used to calculate the 
contribution from each segmeat of the wire, there temas the 
problem of adding together these contributions. This is usually a 
difficult mathematical problem. [tis easy to make use of this law 
¢o get the field in case of regular geometrical distributions. 


Field at tne Centre of a Circalar Coll. 
current { (Fig. 


Consider a loop of wire of radius r carryip 
7.38). The loop lies in the plane of paper. We wish to calculate 
the magnetic field at the ceatre of the loop. Consider the clement 
> 
CD =dl of the loop. The magnetic field dB at the centre O.due 
this current element is given by Biot-Savart Law 


Fig 7.38 Field at the centre of a cirular coil carrying current 
The direction of the field is Perpendicular to the oo of the 
Joop and points i 


Points into the paper as shown by @ in the gure (7.38). 
> > 
Since the angle between 7 and r is 90°, the magnitude of dB using 
equation (2) is given by 


ela 
ve wo(3) 


If we divide the loop into a large number of such ‘elements we 
find that the total field at the centre of the loop O is given by 


Po fal 


2 arr® 
Now J di! is the total length of the loop wire and hence f dl=2nr 
(circu ference of the loop) 


++(4) 
If instead of a single loop, there is a coil of n turns, all wound 
over one another, then 


Ls 
B= .=-(5) 


7.6) 


The magnetic field lines due to a circular coil carrying current are 
shown in fig 7.38 (b). The ficld is fairly uniform in the interior of 
the coil, The direction of the magnetic field can be found by, using 
the following rule : 

“Curl the fingers of the right hand in the direction of the 
a The stretched thumb then points in the direction of the 
Magnetic Field on the Axis of a Circular Coil 

Consider a circular coil of radius r carrying current I. Let P be 
@ point on the axis of the circular coil at a distance x from its centre 


ze 

O where the magnetic field B is to be obtained. Let us divide the 

coil into a large number of short elements of length dl. The contribu- 
> 


tion dB due to one such element say at A ata distance y from P is 
given by 
se Idi 
dp= —old (.- 990° 
oa ) 
(Biot— Savart Law) 
sy 
The direction of dB is along PQ according tc right handed 
sy 
screw rule. If ZAPO=@, then the rectangular components of dB 
> > 


~» 
are dB cos @ and dB sin @. Similarly by resolving dB at P due to 
each other short current elements into its rectangulzr components, it 


ar) 
is clear from the figure (7.39) that the components -dB cos 6 cancel 


a 
each other andthe components dB sing get added in the same 


direction. 
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Hience the total magnetic 
> => 
field at P=B=Z¢B sin 0 


or Be ell sin 6 
=H I sin 6 
felt >4 
aol 
Fey .2nr 
i wal 
~” (sin 6 "my 
and 2di=2er 
ee are 
2 
a_i 
2(r74.x4)*! 
be yaetxt] 
If there are n_yurns in the coil, then 


»»»(6) 


Bquation (6) shows that the field 8 falls rapidly with the di: 
pen at pidly ¢ distance as 


Distance from the centre 
Fig. 7.40 


7.63 
Magnetic field due to a Solenoid : ‘ 
Solenoid jis a long coil carrying current. It can be shown that 


the magnetic field is fairly uniform in the interior of the Solenoid. 
For a very long solenoid, the field is given by 


: «.(7) 
where I is the current and n is the number of turns per unit-length. 


Magnetic field lines Produced by a current in a Solenoid are 
shown in Fig (7.41). 


Fig. 7.41 Field due to a Solenoid 
Magnetic Field due to an infinitely long straight wire : 


Fig. 7.42 Field dee to a current in a straight wire 


The contribution dB at a point P from any segment CD=dl of 
the wire is given by 


- 
‘B= Hy Idi sin 0 
where x is the distance of the int P from the segment CD 
. cath int the line joining i# 


and # i the angle between the cutrent leon 
Pe pd ge . "The field is perpendicular to the plane containing 
wire. 


Since the contribution at P of different current elements have- 
> 
the same direction, the total magnetic field B is given by 
> Oped . 
Ba | dy Idi sin 6 
4nx* 
6=0 
: rt 
Now sin @= - 


1 sine 
a 2 


*Only for bright students 
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big. 7.43 


Also from fig (7.43) 
l=r cot @ where OD=/ (say) 


+, dl=—r cosec® 9 d@ 


Example 7.13 

A circular coil of wire of radius 0°05m having 500 turns carries 
8 current of 1 ampere. Calculate the magnetic ficld (/) at the centre 
of the coil and at Seok able distance of 0°12 m from the 


centre along the axis of the co 


7.66 


Solution : 

Here r=0'°05m 
n=500 
T=] ampere 
x -0°12m 


po=4r X 10-7T A 


(@ Using equation (5), ye have 
pa to dn 4x 10-7x1x500 
2r 2x0'05 


==6'28 X10-* T 
(ii) Using equation (6) we have 
pe voned 
2(x?-+-7r?)8/2 
= 4X 1077X 500+(0'06¥ X1 
2 [(0.12)*+- (0°05)? } ta 
=3°58X10-* T 


Example 7.14 
Find the magnetic field in air ‘01 m away from‘an infinitely 


Jong wire that carries a current of 2 A. 
Solution. 
Here r=.0]m 
T=2A 
Bo==4n X 10-7 TmA-* 


Using equation (8) we have 


7.11 FORCE ON A ( RRENT CARRYING CONDUCTOR 


Ar efecyc. current 1s nothing but the fiow of free electrons. 
When a current carrying conductor is placed in a magnetic field, the 
free eléctrons- inside the conductor which are in motion experience 
forces. Hence a net force is transmitted to the conductor as a 


whole. 


is 


E 
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Let a current I flow through a conductor DC of arbitrary shape 
<3 : 


placed in a uniform magnetic field B (Fig 7.44). In order to calcula- 
te the force exerted by the magnetic field on the current carrying 
conductor, divide the conductor into segments that-are so short, tha¢ 
they can be considered to be straight. The force on each segment is 
calculated by the method given below and the forces are then 
added vectorially. 


2 


Fig. 7.44 Force on a current carrying conductor 


> 
The current I is due to electrons drifting with velocity v,"in the 
opposite direction to I: The magnitude of the current is given by 


I=enA va 
where my==number of free’ electrons per unit volume, 
A=area of cross-section of the conductor and — 
e=charge on each free electron 


Now. each free electron experiencesa force 


> > 
= (—e) (vx B) 
In 8 segment of length di, 
the number of free electrons =n, Ad/ 

The total force experienced by the segment 4/ is given by 
> >_> ; 
dF=n,Adl (—e) (ve XB) 

> > 
==—n, Ae (dl vsx B) 


If we represent the segment of length by vector dl pointing in the 


cae 5 
direction of current, then vg and d/ point in opposite directions and 
= - 
the term dl y, may be replaced by—v, di. Hence 
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> > > 
dFu=—n, Ae (—va dl xB) 
f ~~ => 
=n, Ae vg (dl XB) 
~~ 
=I (dIxB) 


> 
@ Bis uniform over the whole length DC=/ of the conductor, the 
force experienced by the conductor will be 


~> 


pes 
F= I (1xB) «i(i) 


The magnitude of the force is given by 


| F=1/B sin 9 | 
ool) 


> => 
where 6 is the angle between the vector / and B. The direction of the 
>_> > 
force is given by the vector /xB wnere / vector 1s taken wn the direc- 
tion of the current. Xf the condutor is held at right angles to the 
field then 9==90° and hence the magnitude of the force is given by 


where 1 is in ampercs, / is in metres and B in tesla, The force is 

perpendicular to both, the conductor and the field. The relationship 
i a 

between the three vectors F, I and B may be described by “Fleming's 

Left Hand Rule” (Fig 7.45) which is stated below : 


Thumb—Motion or Force 


EMF or Current 
Fig. 745 Fleming's Left Hand Rule 


7.69 


_, _“Hold the thumb, the first finger and the middle finger of 
the left hand mutually at right angle to each other. Tf the first 
Singer points in the direction of the magnetic fizld, the middle 
Singer in the direction of the current, then the thumb will indicate 
the direction of motion of the conductor,” 


7.12 FORCE BETWEEN: PARALLEL WIRES CARRYING 
CURRENT : 


Two very long straight parallel wires carry currents I, and I, 
and are a distance r apart. The magnetic field of one exerts force on 
the other and hence these two current carrying wires exert forceson 
one another. Let us calculate the force on a length J, of the wire with 
current I, 


Fig. 7.46 


Fig. 7,46 (a) is the case of two conductors carrying current in same , 
direction, The magnetic field lines due to I, are Circles thet go 
tound anti-civckWise for an observer looking in the direction of I. 


SAS 
, The magnetic field B produced by I, at a point on the other wire is 


> 


_ pol az Sl 
Be oar where po=4n x 10-7 Tea-1 


oo ime 196 

This field is perpendicular to I, and to the radius r drawn perperdicu- 
\ > , 
larly to both wires. Since B is also perpendicular to I,’ @=90° : 


vy 
‘sin 0=1, Hence the force exerted by the field B on a lerigth /, of the 
wire with current I, is given by 


> 
F=l,4,B 


> 
pa “ohih 
2nr 
+} 


Force per metre of length= + 
= td Nt we 


In 7.46 (a) the magnetic field is into the plane of the paper. 
Applying Right Rule with the thumb pointing upward in the 


oe 
direction of Y2 and the fingers pointing into the. paper in the direction 


5 
of B, the right hand wowld push to the left, toward1,. This means 
parallel currents flowing in the same direction attract one another, 


Figure 7.46 (b) is the case of currents flowing in opposite direc- 


> > 
tions. I, is still upward and B is still into the plane ef the - The 
fight Lend raust‘now be placed with the thumb pointing ‘dowaward is. 


> 
the direction of Ig and the fingers pointing into the plars of the paper 


pe 
in the direction of B. The hand would then push to 'the right ; so the 
force is repulsive. This means parallel currents flowing in the opposite 
direction repel one another. : ‘ 
Definition of Ampere : 
: As derived above the force per metre between two infinitely long 
current carrying conductors is given by 
Pe Hoh ty 
2nr 
where I, and I, are the currents and 7 is the separation between 
conductors and Hy=4nX 10’ TmA-} mit ord 
When I,=I,=1 ampere and r=; metre 
, then 
4n 10-"x 1X1 


Fee eM eX 1G newton 


IN oa 
This is the basis of the definition of ampere in SI system. 


“The ampere is the strength of that steady current ..which 
when flowing in two parallel infinitely long conductors of 
negligible cross-section placed in vacuum ata distance of 
one metre from each other, produces between those twe 
conductors a force of 2X 10-’ newton per metre length.” 


This is a precise and reproducible laboratory method. 


7.13: MOVING COIL GALVANOMETER : 


A galvanometer in which the magnet remains stationary but the 
coil rotates is called a moving coil galvanometer. 


It is commonly used for accurate measurement of current. It 
consists of a small rectangular coil aedf having a large number of 
turns of fine insulated copper wire wound on a light metallic frame 
(Fig 7.47). The coil is suspended from a torsion head T by a fine strip 
of phosphor-bronze alloy in-between the pole pieces N and S of a 
strong permanent horse-shoe magnet. The lower end of the coil is 
connected to a fine spiral spring C of phosphor-bronze. [he other end 
of the spring is connected to a terminal T,. A mirror M is fixed along 
the bronze strip by means of which the deflection of the coil 
is measured with a Jamp and scale arrangement. To level the instru- 
ment, levelling screws are provided at the base. The torsion head T as 
connected to the terminal T, through the case. 


Fig. 2.47 Fig. 7.48 
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The pole-pieces of the magnet are given a concave cylindrical 
Shape and a cylinder of soft iron is fixed midway between them as 
shown in Fig (7.48). The instrument is levelled so that the coil lies 
symmetrical with respect to the cylindrical core and is not touching 
any part. Y : 
The lines of force starting from.the srorth pole crowd into the 
soft iron and end at the south pole. The direction of the linvs of 
force within the narrow air gap coincides approximately with the radii 
0) the pole pieces. Such a magnetic field is called radial ficld. In this 
tieid the plane of the coil always remains parallel to the lines of force 
for all its positions as shown in Fig (7.49). 


Fis7 


Theory (Torque on a coil): Let m be the number of turns in 
Sage Tits length, 6 its breadth and I the current flowing throug’ 


As the wire carries a current I.and is at right angle to the direc 
> 


tion of a uniform magnetic field B, it experiences a force equal to 1/B. 
The direction of this force is given by Fleming's left hand rule and is 
Perpendicular tc the plane of the paper acting outward. 


Fig. 7.50 
Since there are n turns the total force on the arm ge is given 


> 


F=nl/B 


eae Lath an y9K 
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The total force on the arm fd has the same value but acts in 
the opposite direction, i.e., inward in a plane perpendicular to the 
plane of the paper. 

There will be n> magaetic force on ad and ef since the sides 
carrying current are parallel to the magnetic field. 

Hence there are two equal, opposite and parallel forces acting 
at different points of the coil forming a couple. 

Torque acting on the coil ~=t=nI/BXb 

But 1X 8=A the area of the coil 

Torque acting on the coil =t=nlBA -w(i) 

This torque tends to rotate the coil’ and its rotation produces « 
twist in the suspension wire. The untwisting teadency of the suspen- 
sion gives rise to a restoring torque tending to oring the coil bach to 
its original position. This restoring torque is proportional to the 
deflection. 

If @ is the deflection produced in the coil before it comes to rest 
and k is the torque per unit angular twist, then é 

Restoring torque =k@ «.(di) 
Hence in equilibrium 
Deflecting torque Restoring torque 
nBIA=ké 


ke 
Thus the current is proportional to the deflection. The constant 
K is called the galvanometer constant and is equal to ~— Thhs 


we can have a linear scale and hence the importauce of radial field. 


If the field is not radial i.e., if the field is due to flat poles then 
in any deflected position of the coil, when it is so oriented that the 
1 to the coil makes an angle 6 with the field lines, the torque is 


norma 
given by . t=n(BIn) x b cos'd 
==BIA 7 cos 8 
Hence in the equilibrium position 
n BIA cos 0=k6 
=F ae 
or I= BA cos@ 008 


k 
where K= RBA =const. 


a 
Thus le mae 
Hence we cannot haveva lineat 
scale and the galvanometer will 
have to be calibrated first before 
using it for measuring current. 


Fig. 7.50 (b) 
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Pointer type galvanometer : The moving coil galvanometer 


already described is called the reflecting type or D’Arsonval type 
galvanometer. Init the defiection is measured by the lamp and 
scale arrangement which is not very‘convenient. Moreover it is not 
easily po rtable. 


Weston modified the design in such a way that the deflection 
could be read by a pointer and the instrument became small and 
portable as shown in Fig 7.51. This 1s known as Weston type galvano- 
meter and is commonly used in the laboratories. 


It consists of a coil of insulated thin copper. wire wound over a 
metallic frame pivoted lightly between two jewel bearings. The coil is 
kept in position between the concave pole pieces of a strong perma- 
nent magnet by two phosphor bronze 
hair springs. The two springs are 
soldered to the two ends of the coil and 
serve as leads for the current. A light 
aluminium pointer is fixed rigidly to 
the spindle of the coil. A soft iron cylin- 
der is separately supported within the 
coil co-axial with the pole pieces. When 
a small current is passed through the 
coil, it is deflected. The hair springs 
are wound up due to deflection and 
exert a restoring couple keeping the coil 
in equilibrium. The deflection is read t 
by the movement of the pointer ona 
scale graduated with zero in-the middle 
and uspally 3@ divisions on either side. \ 


A Weston type galvanometer is a 
very sensitive: instrument. It gives : 
a full-scale deflection for a very Wig 751 
small current. When a heavy current 
is passed through such a galvanometer, the pointer is deflected with e 
great force and may break. The heavy current may produce exces- 
sive heating and burn the c>1! which consists of a very fine wire. 


A Weston type galvanometer modified for the measurement of 


heavy current is called an ammeter and that for the measurement of 
large potential differences is culled a voltmeter. 


_ , Shunt: An ordinary moving coil galvanometer 1s a very sensi- 
tive instrument. It gives full scale deflection for a very small current. 


‘Hence it cannot be used for Measuring jarge currents. For 


example, a galvanometer which gives a full scale deflection for.a 


Current of 1 milliampere ( w th of an ampere) cannot be used to: 


| Measure a current of one ampere as sucha heavy current will 
produce excessive heating which causes damage to the coil. 
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_ To measure heavy currents with such a galvanometer a shunt is 
applied across its terminals. A shuat tsa resistance placed in parallel 
with a galvanometer coil to allow only a fraction of the total current 
‘to pass through the galvanometer. ; 


Let G be the resistance of the galvanometer, J, the current 
that can pass through it for full-scale deflection and I the maximum 
current which is desired to be measured with it. If S$ is the resis- 
tance of the shunt placed in parallel with the galvanometer, then the 
current through the shunt Y 

I,=I—I, 


As the current divides inversely in the ratio of resistances 


Fig 7.52 
It is clear from this expression that the current flowing through 


fraction of the total current. The fraction 


t ter is only a he fr 
pei iy alt ee ed:to any value, by suitably adjusting the 


of this current can be adjust 
shunt resistance. 
Example 7.15 
i i d to 
A cell of negligible resistance and e.m f. 2 volts is connected t 
anomet' resistance hms shunted with a resistance of 
rer nat of prevebir passing through the cell and the 


ind the strength ; 
ae when the shuat is (a) disconnected, (b) connected. 


Solatlon. 


Here E=2 volts ; G=999 ohms and 


S=1 ohm 
As the internal resistance of the cell is negligible there is no 


sal inside the cell. Hence whatever be the current the 
Se rcatial, difference between the terminals Of the galvanometer or 


shunt is 2 volts. 
1, When the shunt is disconnected, then 


116 


Current through the circuit or cell I= 5 =0'002 A 


The »ame current wiil also How through the galvanometer 


2. When the shunt is connected, the current divides itself into: 
“two parts ; I, passes through the galvanometer and I, through the 
shunt, 


The combined resistance R of the galvanometer and shunt is 


given by 1 1 _ 1000 
FB 999° +! =959- ohm 
: ba R= i ohms 
Current through the circuit or cell 
E 1.000 ; 
I= =2x. 99-2 002 A 
Current through the galvanometer 
Ss 
bale 
2 1 
-=2°002x 999 
="002 A 


Conversion of a moving coil galvanometer into an ammeter cae 


palvanometer due to its high Sensitivity has a very low range, so that. 


it gives a full scale deflection even fora very 
small value of the current. To measure heavy 
currents with a galvanometer a suitable shunt 
‘resistance is connected with it in parallel so that 
only a fractional part of the total current passes 
through the galvanometer and the rest through 
the shunt. Such shunted galvanometers are 
called ammeters as shown in Fig. 7.53. The 
shunt is connected inside the instrument 
between the ends of the coil. The value 
of the shunt resistance denends upon the range 
of the instrument. 


Fig. 7.53 Let G be tie sesistance of the galvanometer 

rien and I, be the maximum current required to 

2 pfoduce full scale deflection. If I is. the 
maxim current which is to be measured Fig. 7.54, then 


Fig. 7.54 
The combined resistance of the shunt and the galvanometer will 
' be less than the resistance of any one of these. Since the'resistance 
of shunt is very low, the resistance of the ammeter will be even lower. 
Thus an ammeter is a very low resistance galvanometer. . 


For measurement of current it is connected in series in the 
circuit. . 


Example 7.16 
A galvanometer of resistance 100 ohms can take a current of 
1 milliampere for a full scale deflection. Calculate the: resistance of 


the shunt if a current of one ampere_is to be measured by it. What 
is the resistance of the ammeter so fOrmed ? 


Solution. 
Here I,=1 milliampere="001 ampere 


Shunt resistance s= le 
9 


oe 100x ‘001 _ ‘1 


S= |= 001 ~ "995 
100); 2 
= 00 — 1001 ohm. 
Let the combined resistance when shunt is applied,be R, then 
1 1 1 
eo t ty 
=! , 999 _ 1000 15 


100 100 i100 
1 
R= =0 hg ohm 
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Conversion of a moving coil galvanometer into a voltmeter :—A 
galvanometer gives a full scale deflection for a very small current and 
also has a small resistance. Hence only a small potential difference 
applied to it produces a full scale deflection in it. To measure a 
large potential difference, i,e., to use a galvanometer as a voltmeter a 

Tesistance is placed in series with the galvanometer coil as shown 
in Fig. 7.55, 


R 
(High Resistance } 


Fig. 7.55 


If I, is the maximum current that can pass through the 
salvenometer and G its Tesistance, then the resistance R to be connec: 
be sa eee ‘0 measure a maximum potential difference of E volts 

y. 


or R+Gu 


___, The galvanometer along with this resistance connected in 
Series Will work 48 a voltmeter of range O to E volts. The resistance 


meter, 


Fig. 7.56 
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It is always connected in parallel with the two points across 
which the potential difference isto be measured. As it ‘has a very 
high resistance, a very small current flows through it and current in 
the main circuit remains practically unchanged. 


Example 7.17 


A galvanometer of resistance 20 ohms requires a current of 5 
milliamperes for full scale deflection. Calculate the resistance that 
must be placed in‘serie: with it so thatitcan measure @ maximum 


potential difference of 200 volts. 
Solation. 


Let R be the resistance which must be placed in series to 
measure a potential difference of E volts, then 


I. a 
eo R+ 
or R=+-G 
200 
=—005 7? 
=40000—20—39980 ohms 


Example 7.18 
It is required to convert a yalvanometer of current range 15 


milliamperes and voltage range 750 milli-volts into (a) an ammeter 
of range 25 amperes and (b) a voltmeter of range 150 volts. Calculate 
the values of the necessary resistances and show how. they are 


connected. 


Solation. : 
Current for full scale deflection I,=15 mA 
= 'OISA 
Potential differences for full 
scale deflection -=750 milli-volts 
==°75 volt 


Resistance of the gaivanometer o= an olus 


(i) Range for conversion into an ammeter=25 A 
GI, 50x "01S 


Shunt resistance S= = 
me sox-015¥_ Popa O15 
25—0°015 


(ii) Range of conversion into a voltmeter E= 150 volts 


a i E 150 
Series resistance R L G=—o15 


=9950 ohms 


4. 


ae 


li, 
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SUMMARY 


An electric current is produced whenever charged particles flow from: 
One place to another. The current is defined as the amount of electric 
charge that flows across a cross-section of conducting material per 


unit time. The usual unit of current is the ampere,whichis equal to 
one coulomb per second. 


A lasting current requires the maintenance of a ‘potential difference, 
aormally with an electric cell (or storage battery or similar means 
of generation), a closed circuit and carriers of charge that are free 
to move through the circuit. In metals, the carriers of charges are 
free electrons. 


The individual members of each type of charge carriér-ion or electron 
move with some average velocity when carrying an electric current. 


= 
We-cail this a the drift velocity Vqe 


{ 

The result of frictional forces that slowdown moving ,charge 

carriers is known as electrical resistance. According to Ohm’s Law, | 
7 


-Tesistance is directly proportional to voltage and inversely propor- 


tional to current. 


The resistance of any piece of material is Telated to its 
length, its cross-sectional area, and the material’s resistivity, The 
latter is an inherent\ property related to the Dature, purity, and 
temperature of the material. 


Electrical resistance leads to loss of electrical energy in the form 
of heat (Joule’s Heating Law). 


The production of electric current or e.m.f. due to the difference in 
the temperatures of the junctions of two dissimilar metals is known 
as Seebeck effect. A ti locouple thermometer can measure 
temperature of a point where as thermocouple Pyrometer can be: 
used to determine temperature of furnace and very hot bodies. 


Free clements are liberated from an electrolytic solution by the 
Passage of an electric current (electrolysis), The electrolysis is carried 
ina voltameter and the quantitative laws ‘of elecirolysis were 
formulated by Faraday. 


A secondary cell is not a direct source of e.m.f. It requires charging 


from an external source of electricity. It accumulates energy in the 
chemical form. 


When two charged particles are both in motion, they exert on one 
another a new kind of force that depends upon their-velocities and is 
zero if either velocity is zero. This new force (known as the magnetic. 
force) is responsible for the Magnetic properties of materials such as 
magnets and also for the magnetic effects of electric currents. 


The interaction between two charged Particles, both in motion, 


through intervening space can be understood by introducing the 
concept of field-action at a distance. 


The magnetic interaction is not a new kind of interaction. Magnetic 
Bee can be explained in terms of electric forces acting on moving 
charges. 


13, 


14. 


15. 


16, 


17. 


18. 


19. 


if: 


2: 


3: 
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Magnetic fields influence moving electric charges, acting on ‘them 
with’ a force that is proportional to the size of the moving charge. 
its speed, and the strength of the field. 


The direction of the magnetic force on a moving charge is determined: 
by using the right hand screw rule. 


Electric currents produce magnetic fields whose strength at any point 
igirelated'to the size of the current and inversely proportional to 
the squareiof the distance between the current and the point. (Biot- 
Sayart Lew). 


“Current loop” which consist of almost complete circles of wire’ 
through which current is moving, behave magnetically much like 
bar magnets, 

When a conductor carrying current is placed in a magnetic field, 
,it experiences a force. The direction of motion of the conductor is 
given by Fleming's Left Hand Rule. 


Instrumentts and devices as diverse as galvanometers are made 
posite through the movement of current loops in magnetic 
elds. 


A moving coil galvanometer can be converted into an ammeter of 
suitable range by connecting certain low resistance in parallei to the 
galvanometer. 


Similarly, afmoving coil galvanometer can be converted intoa 
voltmeter of suitable range by connecting a certain high resistance 
in series with it. 


* QUESTIONS 


Develop an analogy between the flow of electricity through 
a circuit and the flow of water through a pipe. For every 
quantity relevant to the flow of the electricity find a 
corresponding quantity for the flow of the water. men 
are the anelogs Of Ohm's Law and Joule’s Heating Law 


Ajthough the drift velocity of the electrons is very slow, 
an electric light bulb turns on almost immediately when 
the switch is closed. Explain this. 


(Hint ; The analogy with the flow of water through a pipe 
may prove helpful). 


Is the resistance of a 150 watt light bulb greater or less 
than that of a 60 watt bulb ?. Remember that the voltage 
applied across either is 220 volt. 


Is equation, Heat developed per sec=current >< Potential 
valid for a conductor which does not obey Oher’s-difference: 
Law ? : 


10. 


11. 


12. 
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Is the distance travelled by an electron in between colli- 
> 

sions equal to vat where yz is the drift velocity and ft is the 

time that elapses before the next collision ? 


If a metal were composed ot Positively charged electrons 
(positrons) and negatively charged protons (antiprotons), 
would there be any way of discovering this by studying the 
phenomena described in this chapter? _ 


A dense beam of electrons all moving in the same direction 
has a tendency to spread out as it advances. Two over- 
‘lapping beams of protons and electrons of equal densit ¥ 
Moving in opposite directions have a tendency to shrink. 
Explain this. 


In which of the following cases is there no magnetic force 
between two electrons ? 


(a) When they move directly toward one another, 
() When they move directly away from one another. 


(c) When they have the same velocity ina direction 
Perpendicular to the line joining them. 


(d) When they have equal and opposite velocities in a 
disection perpendicular to the line joining them ? 


If an electron moves horizontally toward the north ina 
horizontal magnetic field pointing toward the west, in 
which direction is the magnetic force on it ? 


You are looking down on a Proton which is moving 

rizontally in a uniform vertical magnetic field pointing at 
you. Do you see it going round its circular path in a 
Clockwise or counterclockwise direction ? 


Imagine that you have invented an apparatus that can 
Project an electron with any velocity in any direction and 
can the Measure the force on it with very great accuracy, 
Explain Precisely how. this apparatus could be used to 


Se — 
determine electric fileld E and tic fi 
point in space. magnetic field B at any 


Try to discover a case in which the magnetic forces between 


two moving charges do not obey Newton’s Third Law of 
Motion. 


A student trying to find the directions of the forces between 


two moving charges always uses his Jett hand by mistake. 
Does he get the right answer ? 


16. 


18, 


19. 


21. 
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If the earth’s magnetism is assumed to be due to a large 
circular loop of current in the interior of the earth, what 
is the plane of this loop and what is the direction of the 
current around it ? 


Make rough sketches of the pattern of magnetic‘field lines 
produced. 


(a) by‘a circular coil carrying current in the clockwise 
direction 


(b) by two parallel infinitely long straight wires carrying 
aoa currents (i) in the same direction, (ii) in opposite 
irections. ; 


Does an infinitely long vertical straight wire carrying a 
current exert a net magnetic forcg on an infmitely long. 
horizontal straight wire carrying a_current? The wires 
do not necessarily imtersect. Prove your answer mathe- 
matically. 


. (6) State Obm’s Law andhencedefinethercsistance of a 


conductor. What is its unit and define it. What are 
the limitations of Ohm's Law 7? 


(8) Define resistivity and conductivity of a material. What 


are their units ? 


(c) What are the factors. upon which the resistance of a 


conductor is 
Obtain from first principle an expression for the heat 
developed by the passage of an electric current through 
Tesuance. Define the terms ‘watt and kilo-watt 
our, 


(a) State Faraday Laws of Electrolysis and describe experi- 
ments to verify them. i 


(6) Define E.C.E. of an element. Wha is its unit. How 
is: it related to chemical equivalent weight ? 


(c) Define a Faraday. 


_ Compare and contrast the conduction of electri- 
city in an electrolyte and in a metallic wire. 


Mend Fe gras Pagel a silver voltameter and 
explain how with its help a current bi 

ro. ait : Ip can be accurately 
(a) What is back e.m.f. in an electrolyte ? 


(6) Describe the construction of a secondary cell (Lead 
Accumulator). Give ap account of A nineties 


22. 
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29, Calculate the force between two inf 
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reactions that take place at each plate during charging 
and discharging. 


(a) What is Seebeck effect 2 What is thermo e.m.f. ? 
What is a thermocouple ? 


(6) Two wires, one of copper and the other of iron are 
joined together at one cnd, the other end being con- 
Nected to a low resistance galvanometer. Describe 
the indications of the galvahormeter as the iron copper 
junction is gradually heated to tedness. How does 
thermo e.m.f. vary “in. this case ? What is neutral 
temperature and inversion temperature ? 


(@) Describe a thermopile. Hew can it be used for mea- 
suring the temperature of a hot body ? List two adv- 
antages of using a thermocouple as a temperature mea- 
suring device. > . , (Delhi Senior Sec. 1980) 

(a) The equation F=qy B sin 6 involves the magnitudes 

>> > 
of three vectors, F, vand B. Of the three vectors 
which pairs are always Tight angles ? Which pairs 
may have any,angle between them ? 


pe 
(6) What is the unit of B 2 How is it related to gauss ? 
Define this unit. 


What is a cyclotron ? Describe its Construction and 
working 2? What is its purpose ? 


(a) Describe how you. would proceed to determine 


= of an electron by J.J. Thomson Metiod ? 


(6) What is J.J. Thomson’s Startling hy pothesis ? 


What is the value of — of an electron ? 


(a) State the various ways in which Magnetic: force differs 
from an electrostatic force ? 

(b) State Biot-Savart Law. Apply it to find the field (i) 
at the centre of a circular coil carrying current, and 
(ii) on the axis of a Circular coil Carrying current, * 


SA.L.S.S.C. 1986} 
Prove that the mechanical force on a conductor 


eS 
Carrying current placed in a Magnetic field is given by F= 
BI/sin 6 where the symbols have their usual meaning 
and hence define magnetic field, 


r nitely long Straight 
conductors carrying current and hence define ampere, 


> 


30. 


31. 


32, 


33. 


34. 


35. 


36 


T85 


(a) Give various rules to determine the direction of magnetic 
field produced by current carrying conductor. 


(b) A particle having charge (— q) is introduced in a magnetic 
> 
field of magnetic induction B. If the particle travels 


a 
with velocity y in a direction perpendicular to B, show 
that its path will be circular and hence calculate its radius. 


Demonstrate by a simple experiment that a force acts ona 
current carrying conductor. State (a) Right Hand Rule and 
(8) Left Hand Rule to determine the direction of this force. 


(a) What is a galvanometer ? 


(b) Give the construction, principle, theory and working of a 
moving coil galvanometer. What is the importance of the 
radial field ? 


(a2) What is a shunt? Why is it used with galvanometers ? 


(b) Deduce the relation between the currents flowing in the 
galvanometer circuit and the shunt circuit. 


(c) Why should a voltmeter have a resistance and an ammeter 
a low resistance ? 


How a moving coil galvanometer cun be converted into (i) an 
ammeter and (ii) a voltmeter ? : 


(a) Two identical galvanometers are to be converted into an 
ammeter and a milliammeter. Whose shunt will have more 
resistance and why ? 

(6) Whose resistance is less—of voltmeter or of millivolt- 
meter ? 

(c) If a student by mistake connects voltmeter in series 
with or an ammeter in parallel of a circuit, what will 
happen ? 

After connecting an ammeter in series with and a voltmeter in 

parallel of a resistance wire, a current is passed through the 

wire. After sometime, the wire is heated up, but not the 
ammeter. Why ? 


37. (a) Is any work done by a magnetic field on a moving charge. 


(6) H potentiel difference V is applied to a conductor of length 
ee 
1, diameter d. How are the electric field E, the drift 


Bis 
velocity va and the resistance R affected when 
(i) Vis doubled (ii) lis doubled (iii) dis doubled. 
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¢) Two parallel wires carrying current in the same direction 
: attract each other while two beams 2 sel el travelling 
in the same direction repel each other. Why ? 


[Hint: A current in the wire Produces only a magnetic field 
while an electron beam is a source of both, an electric 
and.a magnetic field), 


38, A particle of mass m and charge g goes round in a circle with 


un 
a speed V in a magnetic field B. Show that its momentum is 
-proportional to the radius r. 

[A4.1.S.S.C, 1986] 


2 
[ Hints : gvB= i } 


PROBLEMS 


1. The type of wall socket commonly found in the house is 

~ capable of delivering a current of 5 amperes. If this current 

flows through a copper wire with a diameter of 0:1 cm, what is 

the drift velocity of the electrons? It is assumed that the 

copper atom has one loosely bound electron and charge on the 

electron is 1°6 x 10-19 coloumb. The atomic mass of copper is 

64. Avogadro’s number=5-0x 1028 and 1 cm3 of copper has 

amass of 9°0 gm. If the wire is 1 m long, calculate the time 
taken for an electron to drift from one end to the other. 

(4°74 x 10-4 ms-1 : 211 x 108 sec) 


2. If a current of 10-15 A flows through a wire, what is the net 
number of electrons passing any point in the wire per second ? 
(6°25 x 108 electrons per sec) 


3. If a resistance of 120 ohm is connected across the terminals of 
a 6 volt battery, what current flows in it? How much heat is 
* developed in it per second ? 


(0:05 A, 0:3 watt) 
4, A copper wire has a resistance of 10 ohms, It is melted down 


and made into a new wire with only one half the original 


length, but with a corres ndingly lar; H - is i 
pr i 2? pondingly larger diameter. What is its 


(25 ohms) 


5. A copper wire 1m long with a diameter of 01cm hasa 


resistance of 0:02 ohm. «Calculate 7, the average time between 


collisions of an electon with the copper atoms. About how fai 
does an electron travel between collisions 2 ut how far 


ee 


10. 


I. 
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Compare this distance with the average distance between 
adjacent copper atoms and comment on the comparison. 
Charge on the electron=1°6 x 10° Coulomb 


(32 X 107? sec; Assuming a thermal velocity of about 

10® cm/sec, an electron travels about 3x 10-5 cm_bet- 
ween collisions. The distance between adjacent copper 
atoms is about 2x 10™® cm) 


A proton has a velocity of 15x10’ ms~* due north in a 
magnetic field of 5 x 10° gauss pointing vertically upward. 
What are the magnitude and direction of the magnetic 
force on it 2? Charge .on the electron = 1.6x 10% 
Coulomb. 

(1:2 10° N, horizontal, toward the east) 


An electron has a velocity of 1.5 10° ms-* vertically up- — 
ward, What are the magnitude and direction of the mag: ~ 
netic field which it luces at a point 10-* m due north of 
itself. Charge on the electron=1°6X 107” coulomb. 


(2°4x10-‘T\; horizontal toward the east) 


A straight segment of wire 0°001 m long zarries a current of 
10 
3 
distance of 1.5 m in a direction, perpendicular to 
itself ? 
(1°48 X.107 T) 


ampere. What magnetic field does it produce at a 


A-straight horizontal wire 35 cm long carrying a current of 


5 ampere is at an angle of 60° to a horizontal maguetic 


fidid of 8x 10-2 T. What are the magnitude and direction 
ofthe magnetic force on it ? Spade 
(1:2.x 10-1 N ; horizontal toward the east) 


Two long straight wires are parallel and 20 cm apart. They i 
carry current of = A and Jt. ‘A respectively. 


What is the magnetic force on 1 m of cither wire? 
(11X 10-6 N) 
A pointer galvanometer of 10 ohms resistance his 2 50 
divisions scale and indicates 1 micro-ampere per’ division 
Show how it can be used. (a) as a milliammeter of range 
50 milliamps (b) as a voltmeter of range 5 volts. 
(S=0°01001 ohm;| R==99990 ohms) 
in parallel in series. 
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A house is fitted with 8 lamps ; 5 of 40 watts and 3 of 100 
watt each ; 3 fans each taking 0-25:A and an electric iron 
having a heating element of 44 ohms. [f all the applian- 
ces are worked on 220 volts supply for 5 hours a day, find 
the bill for the month of April at 20 P a unit. t 
(Rs. 52°95 ) 


The electron in the hydrogen atom circle round the proton 
with a speed of 218x106 ms in an orbit of radius 5°3x 
10-4 m. What magnetic field does it produce at the proton ? 
nap determine the frequency and the current in the 
orbit. 


(12°4 T ; 6:5 x 10 Hz ; 1:05 10-54) 


A charge of 4.0X105 coulombs passes through an 
electrolytic solution of copper sulphate. Calculate 


(i) the number of Cu++ ions liberated from the electrolyte. 
(ii) the number of electrons flowing in the outer circuit. 


harge on one electron=1°6 X10-18 coulomb) 
(Chere (1-25 x 10%; 2°5 x 10%) 


Tf the current flowing be 1°25 amperes, calculate the suffi- 
cient time to coat a 0°1 mm thick copper Jayer on a circu- 
lar metallic plate of radius 25cm. The density of copper 
is 8.9 g/cc’ and E.C.E. of copper=3'3x1077 kg 


coulomb, (8476°19 sec) 


90 coulomb charge passes in 1 hour 15 minutes in a 
silver wire of diameter | mm. -Silver contains 5:8 x 1028 
electrons per cubic metre (i) what is current in the wire ? 
(ii) calculate drift speed of electrons in the wire. 


(charge-on the electron=1'6 x 10-”” coulomb) 
(2X 10"* ampere; 2°75 x 10-®ms-1) 


The resistance of a piece of aluminium wire 100 m long, 
is found to be 0,855 ohm. The cross sectional area of the 
wire is 3°31x107*sqcm. Calculate the specific resistance 
of aluminium. : 

(2°83 x 10°¢ ohm X cm) 


A 450 watt electric press is made to operate at 225 Volts. 
Find (i) its resistance (ii) rate of heat produced in joule 
xt sec (iii) power of the press, if voltage drops to 200 
volts. 


(112°S ohm; 450 watt; 355°55 watts) 
An electric kettle has two thermal: coils, When a current 


is passed in one of them, water in kettle boils in 6 minutes 
and when current is passed in other one, the water boils in 


20. 
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8 minutes. If both the coils are joined in (1) series,. (ii) 
parallel, how long it will take in boiling the water ? 
(3°43 minutes ; 14 minutes) 


How long will it take to rise the temperature of air in a room 
4 meters X 5 meters x 3 Meters through 10°C by means of 
an electric heater taking 5 amperes from 220 volts mains 
assuming no heat loss ? Density of air=0°001293 g/cc 
Co=0'24 and J=4°2 joules /calorie. 
(1)°8 minutes) 


A platinum wire has resistance of 10 ohms at-0°C. If its 
temperature coefficient of resistance is a /C°C®, what 


is its resistance at 273 C° 
(20 ohms) 


The thermo-e.m.f. or a thermocouple is 404 V_ per 


degree at room temperature. A galvanometer of 50 ohms 
resistance capable of detecting currents as low as 10° ampe- 
res is connected with one such thermocouple. Calculate the 
smallest temperature difference that can be detected by such 


a thermocouple, 
(12°5 degree) 


The least count of a moving coil galvanometer is 0°05 deg- 
fee and the maximum deflection permissible is 30°, 
Find the minimum and maximum currents which can be 
detected by the galvanometer. Given that (a) coil is 
0°l X0°5 m (b) number of turns of wire is 100 (c) magnetic 
field-is 0°25 tesla and (d) restoring torqne is 10-* Nm/ 


degree. 
Me (4x10 A 324x105 A) 


A cyclotron in which the magnetic field is 1:4 Tis used to 
accelerate protons. How rapidly,should the electric field 
between the dees be reverses? Also calculate the 
cyclotron frequency. Charge onthe proton is 1.6X 107! 
coulomb. Mass of a Proton=1°67x 10-*" kg, 
(2°343 x 1078 sec; 2+133 x 10? Hz 

An electron beam is passing through a magnetic field of 
2x 10- T and an elcctrie field of 34 10* volts meter 
both acting at the same place. If the path of electron 
beam remains undeviated calculate the speed of electrons, 
If the electric field be removed, what will be the radius of 


f the path of the electron heam ? 
bie eo ol (1°7 x 108 ms; 47°8 x 10-3 mm) - 


A coil of 20 cm radius has 15 turns and carries a current 
of 3°0.A+ Find the magnetic field at the centre of the 


il (#4p= 42 x 10°? N/A-m, , 
coil (Ho ine (Pv 10-4) 
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27. Acosmic ray’s proton enters the earth’s magnetic field in 
the direction normal to the field at a speed of 107 ms-1, 
Calculate the force acting on the proton, Charge on the 
Proton=1°6 x 10-C and Earth’s magnetic field=13 x 10-"T, 


(20°8 x 10-19 N) 
Alpha particles of mass 6.68 x 10-27 kg and charge 3.2x 
10° 2° coulomb are accelerated in a cyclotron in which the 
uniform magnetic field is 1:25 T. How Tapidly should the 
electric field between the dees be reversed ? What is the 
velocity and kinetic energy of an alpha particle when it 
moves with radius 25 cm ? 


28 


(1°91 X10" ps1; 150x107 ms-}; 7°52 x 10-33 joule) 

29. An electric bulb is rated as 200 V, 500 W. What is the 
resistance of the filament? How much. will it cost to light 
this bulb for 8 hours if the price of electricity is 75 paise per 
unit ? (80 ohm ; Rs. 3.00) 
[4.1.S.S.C. 1986] 


UNIT 8 


UNIVERSE 


“The astronomer's problem is net a lack of information 

but an embarrassing excess of it. His is often a problem 

of disentanglement rather than one of synthesis,” 
FRED HOYLE 


81 INTRODUCTION 


: Science and humanities are often Presented as contrast of 
ideas but in reality nothing is more genuinely humane than science, 
The desire to understand and explain the world around them has 
been one of the most characteristic traits of wise and hard working 
human beings and -as the- method has changed from creation of 
myths to analysis of starlight and creation of models the demand 
upon imagifiation and creative human thought has increased rather 
than diminished. Surely the concepts used to explain the universe 
now—black holes: white holes ; curved space, an expanding 
universe, etc. — are more bizarre and make more demands upon the 
imagination than the products of the myth-makers of ancient times. 
The structure of the universe does not Present itself to be perceived 
by the casual observer, nor does the evolution of the universe 
reveal itself at a glance: What we know about the structure and 
cvolution of the universe is learnt by imagining models, studying 
the models and then comparing their properties with what can be 
seen of the real world. In the end we can never know whether we 
are correct in our description ; we can only know sometimes that 
Wwe are wrong. 
‘Since ancient times the view of the universe held by educated 
People has undergone a radical revision. The universe is no longer 
a realm of caprice, moved by the whim of ~gods, but.a world 
8overned by laws which can be discovered. With the opening of 
Space age a new picture -of the universe is emerging out. ‘or 
astronomers this is one of” the~most exciting period - observatories: 
Tevolving round the earth, material brought from the moon, 
experiments done on the surface of Mars (Viking Findings) and on 


Note :—Unit 8—Universe is not in the Hr. Sec. Syllabus of 
Orissa. It may be-left by. these students. ; 
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the surface of venus, discovery of pulsars and Quasars are all 
telling new stories about the universe. From a closed box of small 
size the universe has become an almost limitless expanse of space. 
The elements in it have changed from the few planets and few 
thousand stars which can be seen by the naked eye to the billions 
of billions of stars which make up uncounted galaxies. 


Fundamental changes in the prevailiug view of the nature of 
the universe have occurred several times in tne past. In the 17th 
century the fact was discovered that the same laws of mechanics 
which operate on the surface of the earth also govern the motior 
of planets, In the 19th century the distances to stars first begar 
to be measured and the compositions of stars were devermined, 
with the result that for the first time we knew that the stars are 
made of the same elements as the earth. In the early 20th century 
the fact that the sun is not at the ccnue of the galaxy was first 
recognised, the expansion of the universe was discovered, and the. 
theory of general relativity was revealed as a better explanation 
of gravitational phenomena than Newton’s theory of gravitation. 
Now in the last half of the 20th century discoveries have been 
made which may force furthef significant changes in our view of 
reality. Probably nothing so dramatic as displacing the earth 
and our solar system from the centre of the vniverse will occur, 
but tentative explanations are being offered for the behaviour of 
the nuclei of some galaxies and of quasars which are fully as dra- 
matic as that. 


The aim of the present unit in this book is to generate interest 
au the minds of the young students so that they may: take up 
further study of this challenging observational science—astronomy. 


The part of the universe in which we live is called the Solar 
System. It includes the sun, the earth and the moon, other 
planets (Mercury ; Mars ; Venus ; Saturn : Pluto; Jupiter, Neptune. 
Uranus) and. their satellites, asteroids, comets, -meteoroids. 
meteors and meteorites. The outermost planct Pluto is at a dis- 
tance of 610% metres from us. Farther away are stars very 
much like our sun, which occur singly, in pairs as binary stars, or 
- in clusters like Pleiades (Krittika). The sun is a typical star and a 
member of a large system called the Milky way (Akashaganga) 
which is estimated to contain as many as 100 billion stars similar 
to the sun. The Milky way, like all other galaxies, contains huge 
quantities of interstellar gas, mainly hydrogen, and interstellar 
dust. It is estimated that the total mass of interstellar gas in the 
universe is about equal to the mass of the stars. Probably the 
mass of the interstellar dust constitutes about 1 percent of the 
total mass of the universe. The universe is made up of hundreds 
of millions, perhaps 10 billions, of galaxies similar to the 
Milky Way. The galaxies form the major building blocks of the 
universe. 


83 


The distances between stars are very large ; the nearest star 
Alpha centauri is at a distance of 4 light years. The external 
galaxies are scaitered in space to at least about 5 billion light years 
in all directions, and probably beyond. One light year is the 
distance travelled by ‘ight in one year with a speed of 3X 108 may}, 
It is equal to 9°46 x 1045m., 


In this chapter our aim is to present the factual information 
concerning stars and galaxies ; quasars and pulsars ; recent findings 
about solar system using space probes and about the theories of 
the origin of the universe, etc. Much of the material given in this 
chapter is rather qualitative and further details on many of the 
observations presented here can be had from the variousbookson 
astronomy. 


82 ASTRONOMICAL INSTRUMENTS (Elements of optical 
and Radio Astronomy) 


Most of the information that we have about astronomical 
objects comes to us by light or other electromagnetic waves (Fig. 
8'1). The two windows in the atmosphere indicated are the two 
regions in which radiation from outside the atmosphere can reach 
the surface of the earth. The atmosphere is opaque to all other 
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is the true window involving no atmospheric absorptjon. Since 
the development of rockets and satellites which carry instruments 
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above the atmosphere, our knowledge of the appearance of the 
universe as seen by radiation of other wavelengths, notably the 
shorter radiations, ultraviolet and X-ray has increased tremen- 
dously, j 


Man’s curiosity has always driven him to search out the 
unknown and has led him to devise the means of exploring it. As 
man achieved the technological advances which permitted him to 
detect the electromagnetic radiations emitted out by the heavenly 
bodies—the link between the distant star and the earth, it was 
inconceivable that he should not explore it. 


A modern astronomer uses the following instruments in astro- 
nomical research : 


(A) Telescopes 
(B) Spectrograph 
(C) Space observatories 


These instruments can be conveniently divided into two 
groups—instruments for collecting light or radiowaves and other 
are the recording instruments of various kinds. Our eye serves 
both as collector and recorder of light. But as collector it is not 
efficient on account of its small size and as recorder it is not 
reliable because of biological effects. That is why we need auxiliary 
equipment. ) 


(A) Telescopes 


Telescopes | are devices which gather tight-radio-waves or 
X-rays and permit them to be studied. We shall restrict this discus- 
Sion to optical and Radio telescopes. 


Optical Telescopes : 


Visible light can be refracted by such materials as glass 
formed into lenses, or it can be reflected by mirrors. A telescope 
whose primary light gathering element is a lens is called a refractor; 
one whose primary light gathering element is a mirror is called a 
reflector. 


The Astronomical Refracting Telescope (Refractor): As its 
seat me fictoates, it Hy employed to see celestial bodies, like 
Stars and planets etc., and was invented by Kepler i 1 it 
used by the Huyghens in 1665. Ee eas see Gre 


Essentially, it consists of (i) a convex lens of large focal iength 
called ‘the object-glass, the function of wale of a ye, 
inverted and diminished image of the distant object at its focus, 
and (ii) a convex lens of short focal length, called the eyerpiece, the 

_ function of which is to magnify the inverted image formed by the 
object-glass, and lying within its focus. 
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é For normal adjustment of the telescope, however, the final 
image must be formed at infinity, so as to be seen by the unaccom-. 
modated eye, and hence the inverted image of the distant object 
formed by the object-glass must lie at the focus of the eye-piece.* 
In other words, it must lie at the focus of both, the object glass 
and the eye-piece. 


Thus, in Fig. 8'2, AB is the real, inverted and diminished 
image of the distant object star or planet, formed by the object- 
glass, lying at the focus of the object-glass as well as that of the 
eye-piece, so that the rays from it are rendered parallel on passing 
through the eye-piece and the final image is seen by the unaccom- 
modated eye at infinity ; in other words, the telescope is in normal 
adjustment. 


Rays from 
Distant Star 


Fig. 8'2 


Astronomical bodies are all so far away that the light reach- 
ing the earth from them comes in virtually parallel rays, so the 


operation of a telescope is simple. 


Now, magnifying power of the telescope 


angle substended by image at the eye | ZB 
=angle subtended by object at the eye aa 


where @ is the angle subtended by the image at the eye-piece, or at 
the oe (which afisce toit), anda, the angle subtended by it at 
the object-glass, but since the length of the telescope is negligible 
compared with the huge distance of the object from it, we may 
also take a to be the angle subtended by the object at the 


eye. : ) : ; 
Now Z@=ZAO'B, and Za =ZAOB (being vertically 


opposite angles). 
ZAO'B 
Magnifying power of the telescope= 7 Ao 


z astronomical telescope is provided with a number of eye-pieces 
of aoe Tengths, 80 that the observer may choose the one that gives him 
the magnifying power convenient, to him, some objects requiring greater magnifi- 
cation than others, : 


8'6 


Again, since the angles are small, we may measure them by their 
tangents ; so that, 


iat : tan AO’B AB /AB OA 
magnifying power of the telescope= an AOB ~0'A/ OA “OA 


But OA=F, the focal length of the object-glass, and O'A=f, 
the focal length of the eye-piece. 


Sin 


magnifying power of the teiescope= 


__ Focal length of object-glass 
~ focal length of eye-piece ~ 


Thus, the greater the focal length of the object-glass and the 
smaller the focal length of the eye-piece, the greater the magnifying 
power of the telescope. 


It is obvious that the length of the telescope 
=00'=0A+0'A=(F+/). 


or, length of the telescope=Focal length of object-glass+-focal 
f length of eye-piece. 


Since the objective is a lens and it forms an image by the 
process of refraction, this kind of telescope is called a refractor. 


Many very small tclescopes are refractors, but large refractors 
have so many disadvantages that very large telescopes are never of 
this type. The largest refractor in the world, in the Yerkes 
Observatory, has an objective 40 inch (=102 cm) in diameter. 


The Astronomical Reflecting Telescope : (Reflector) : 


The first reflecting telescope was constructed by Newton. 
Thinking that it was impossible to have a compound lens which 
covld be achromatic, he used a concave mirror as the object glass. 
Parallel rays froma distant object (star or planet) were reflected 
at the mirror and before they could mcet at its focus F Fig, 8.3 (a), 
they were made to fall ona plane mirror M, placed at an angle of 
45° with the axis of the instrument. The rays were thus reflected 
on to one side as shown, forming an image of the distant object at 
{. This image was then seen magnified through an eye-piece in 
the usual manner. Since the objective is a mirror of large focal 
length so this telescope is called a Reflector. 


Newton was greatly disappointed with the performance of his 
first reflecting telescope, due to much of the incident light on the 
object glass being lost by reflection. For ordinary purposes, 
therefore, where the aperture of the object glass need not be large, 
arefracting type of telescope is found to be more. suitable, there 
being less loss of light by absorption in it. But, for large-aperture 
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telescopes, with high* resolving powers, such as those used for 
observing heavenly bodies, the lens-object-glass would be a 
tather thick one, the absorption of light in which would far 
exceed that lost by reflection at the Mirror-object-glass, A 
reflecting telescope is thus better for this Purpose than a refracting 
one. 


free of these two defects in the images formed by it. _Yet another 
point in their favour is that whereas it is not Possible to make 
large-aperture lenses**, large-aperture mirrors can be easily obtai- 


(a) 


M Rays from 
Distant Star 


(b) Fig. 8°3 


* Limit of Retotution 06=*22" where A is the wavelength of light 
and d i diameter of the objective. To have better resolving power, the 
diameter d seo be as large as possible. Qis the angular separation between 
two points which are very close to each other. 

** This is so because in the first place, it is extremely difficult to find large 


Of glass, free from imperfections, and Secondly, being supported only ae 


at the rim, the lens is bound to bend a little under its own weight, 


wer 
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ned, because all they need is a smooth surface. That is why in the 
giant reflecting telescope at the California Institute of Technology 
of the U.S.A., the object glass is a pyrex mirror, of 200 inches 
(=500 cm.) diameter, coated with aluminium.* 


Cassegrain, in his telescope, made a small hole around the 
pole of the concave mirror (or the object glass) and received the 
reflected beam from it on a convex mirror M, instead of on a plane 
one, as shown in Fig. 8.3(b), which was thus brought to focus at F. 

- The image at F is then observed through an eye-piece, as in other 
cases. The arrangement thus results in an effective increase in the 
focal length and hence the magnifying power of the telescope, which, 
‘as in the case of the refracting telescopes, is given by the ratio bet- 
aren focal lengths of the object glass and the eye-piece, i.¢., 

y Fif. 


Advantages and Disadvantages of Reflecting Telescopes over 
- Refracting Telescopes, 


Advantages 1. No chromatic aberration and also no 


spherical aberration, if a paraboloidal mirror be used as the object- 


glass. 


2. Larger aperture of the object glass and hence a greater 
resolving power. (The largest aperture of the mirror used is 200 
inches, compared with 40 inches of the object glass in the refracting 
telescope). (1 inch=2'54 em). 


3, Greater stability of the instrument, when mounted, because 
of the heaviest optical part lying at the lower end of it. 


4, Photographs can easily be taken, with the photographic 
plate placed at the focus of the object glass. 


5. There is no absorption of light as in. thick lenses. 


_ Disadvantages. 1. Less convenient to use and need frequent 
adjustments. 


2. Not suitable for ordinary or general type of work. 
} 


3. Some light is cut off due te the shadow of the plane or the 
convex mitror cast on the object-glass, or due to the hole made in 
it—this loss of light being quite small. though. 


4, It is not quite suitable for photographing large areas of the 
sky 

Duc to these reasons reflectors are far more widely used than 
refractors, especially for large telescopes.. Hence largest telescopes 
of the world such as: the 200 inch telescope of U.S.S.R are all 
reflectors. The 48 inch telescope of Japal-Rangapur observatory 
of Osmania University, which is the largest telescope in south east 


“Aluminium @ found to be more Suitable for the purpose than silver. 
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Asia, is also a reflector. A 90 inch reflector is being made by the 


Indian Institute of Astrophysics, Bangalore for its Kuvalpur 
observatory. 


Observers using telescopes to look at objects a block away 
are most interested in magnification — how much larger things 
look through the instrument than withou: it. If one is studying the 
Planets or the moon the magnification of a telecope is also impor- 
tant, but for most astronomical work — looking /at stars and 
other objects in deep space — light Sathering power is more 
important than magnification. The light gathering’ power of the 
telescope, which determines our ability to see fainter objects, 


: 3 eer D2 
mecreases in proportion to the area of the objective ao where D 


is the diameter or aperture of the objective. The advantage of a 
telescope of diameter 200 inch over one 100 inch is not that the 
former makes things look larger, but that it gathers 4 times as much 
light, Permitting Photographs to be made-‘in one-fourth as much 
exposure time, ; ' 


is why astronomical observatories are normally located on remote 
mountain tops where the air is calm and clear. 


Radio Telescopes 


been Teceived from the sun, some of the planets, some galaxies, 


A radio telescope consists of a metallic reflector [Fig. 8°4 (a) 
& (by) which focuses the incident radiation into an antenna at its 
focus Connected to a radio-receiver. Since neither the human eye 
nor Photographic film responds to radio waves, one does. not “see 
With a radio telescope in the same sense as with a visible-light 
‘0Strument, The output is a tracing on a sheet of paper 


$10 4 


showing the intensity of the radiation reaching the telescope. 
If the receiver were connected to a speaker rather than to a recorder, 
the radio signals being received would sound like static or random 


from Star 
Recah pas abureaphi te 
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\ | era! focus of the 
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Metallic 
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Electrical Signal 


Fig. 8.4. (b) 
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noise; even though they are called signals, they do not ‘carry 
information of the sort on commercial broadcasts. 


With a few a Tadio telescopes can be divided into 
three classes: steer. 


Steerable dishes are parabolic reflectors which can be Pointed and 


The National Radio Astfonomy Observatory in Greenbank, West 
Virginia, U.S.A. has a 300-ft (90 m) dish. These reflectors can be 
made much larger than optical reflectors because the accuracy with 
which they must be shaped depends on the wavelength, Uy the radia- 
tion to be recevied, and the deviations of perhaps an inch (2°54 cm) can 
be tolerated ina radio telescope reflector whereas the mirror of an 
optical telescope must be accurate to within two-millionths of an inch, 
Since the amount of ener. gathered by a mirror is Proportional to 
its area, the advantages of making the reflector large are obvious, 
On the other hand, the mechanical Problems of mounting and 
moving such a large structure and building it to withstand the wind 
sets limits on the size. The best known telescope is at Arecibo, 
Puerto Rico, and has a diameter of 3 300 ft (=990 m). In India, 
the objective of the big radio telescope in Ootacamund is a cylinder 
of 500 m in length and 50 m in width. 


Instead, of using‘a reflector and one detector and directing 
the reflector toward a source, it is possible to use many detectors 
and to combine their outputs with appropriate time delays so that 
the effect is very much the same as if a movable reflector had 
been used. Arrays of detectors with a ‘directing’ done electronically 
can be spread out over distances of a kilometer or more. Large 
arrays like this are in use in many parts of the world. 


Radio telescopes are not obstructed by clouds of dust as radio 
waves can pass through them. Because of large aperture, radio 
telescopes can pick up feeble signals and they can detect galaxies 
even at twice the distance as far away as the faintest and most 
distant galaxy which an astronomer can see through an optical 
telescope. Radio telescopes can see galaxies as well during the day 
as they can see in night. Finally for the same area of the reflector, 
radio telescopes are cheaper to construct. 


(B) Spectrograph 

The light which comes from stars and other heavenly bodies 
tells us pag the direction to its source, but also the composition 
of the star, 1s temperature (using Stefan-Boltzmann Law and Wien 
displacement Law); its velocity toward or away from us (Doppler- 
¢ffect) and in some cases such data as the intensity of magnetic 
fields and the pressure of the gases in the atmosphere. We can often 
infer something about a star’s rotational speed from a study of the 
light we receive from it. All this ipformation 1s derived from a 
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study of the Spectrum of light emitted by the star or any other 
heavenly body. 


For analysing light iu the visible Tange and near the ultravio- 
Ist or near infrared regions coming trom a star or heavenly body, 
& spectrograph is used. Two kinds of spectrograph are generally 
used (1) Prism type, (2) Grating type. 


Whatever may be the type of the spectrograph it is mounted 
at the end of the optical telescope as an attachment. 


Light from the celescope entering the Spectrograph first strikes 

&@ narrow slit, which blocks all but a very narrow beam. Beyond the 
slit is a lens whose focal Point lies at the slit so that the light 
Sage 4 through the slit and diverging to the lens moves in parallel 

' Tays after going through the lens. A Prism ora diffraction grating 


Slit 
f the Prism or 
nein Diffraction Grating 


Fig. 8°5 


SOrt, perhaps a thermocouple which is heated by the intrared 
fadiation striking it. 


d Suppose that light is passed through a spectrograph and the 
Spectrum is observed. What does one see ? The Spectrum will have 


Photographic plates have Certain defects of their own; in 
Particular the darkening of the plate is not proportional to the 
amount of light. Photogells are found to be very good for this 
Purpose; because the ‘phutocurrent is directly proportional to the 
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intensity of light. But in their case we can only observe one star 
at atime. Hence a judicial combination of photo-graphic and 
photoélectric techniques is used in practice. 


(c) Space Observatories (New Windows) 


. Astronomers have been hindered in their observations by the 
earth’s atmosphere that like a veil, blots out or distorts electro- 
magnetic radiation. : 


About 99 percent of the atmosphere’s air molecules are con- 
centrated between the Earth’s surface and an altitude of about 
34 km. By placing telescopes and other equipment for studying the 
heavens in observatories above this altitude, man can -see the uni- 
verse from a vantage point above the haze of the atmosphere. For 
example, the first of a series of orbiting solar observatories has 
provided tremendous quantities of new information about our 
sun ; about how variations in solar activity influence earth's 
atmosphere and magnetic field ; and about the amount of cosmic 
radiation that reaches earth’s surface. 


By means of future observatories of this type and by means 
of artificial. satellites, men will be able to acquire more definite 
information about the nature and origin of the solar system. He 
will be able to view in greater detail the physical features of earth’s 
moon, of mars, and of other planets. 


With his earth-based telescopes, man has gathered data about 
his own Milky way galaxy and other galaxies. He has found evi- 
dence of planets revolving around other stars. Mounted on a 
platform in space, man’s telescopes will be able to an hitherto 
unavailable information about stars and galaxies. Perhaps, they 
may enable him to learn about the existence of planets that resem- 
‘ple earth. 


Thus new branches of astronomy (X-ray and‘ ultraviolet) for 
the study of’ the universe are taking birth. 


$3 THE STUDY OF THE SOLAR SYSTEM 


The solar system, man hopes to explore, is tiny in relation to 
the universe as a whole, but it is an area of tremendous magnitude 
in earth terms. Its primary our sun, is a star located at the centre 

. of the system with nine planets revolving around it in near circular 
orbits (Fig. 86). Some of the planets, like earth, have natural > 
satellites of their own (Jupiter has 12), and there are thousands of 
other bodies (planetoids which lie between Mars and Jupiter, 
comets : dust etc.) moving within the system. 


The planets are held in their orbits by the Sun’s gravity. They 
all move in the same direction around the sun and their orbits lie 
in nearly the same plane, with Pluto the exception. Their orbital 
speeds are higher near the sun. Mercury, the planet nearest the sun, 


$14 


makes a circuit in 88 days. Earth’s period of revolution is 
365} days. Distant Pluto, more than 5°6 billion kilometres from 
the sun takes 248 earth-years to make one circuit. 
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Fig. 86. The Solar System 


In the early 17th century, Johannes Kepler formulated three 
laws (see unit 3), which described the motions of the planets about 
the sun. These laws together with Sir Issac Newton’s laws of gravi- 
tation and motion, are important to space research. They make. it 
Possible to deduce mathematically the motions of the planets and 
other bodies in the solar system and to calculate flight paths to 
these bodies. 

We shall now discuss how the physical Properties of the 
objects in the solar system are obtained from observations. 


(@) Distances within the solar system 


It is possible to determine the periods of the planets with high 
agcuracy, and then, from Kepler’s Third law, to calculate the 
relative values of the semi-major axes of their orbits, The relative 
sizes of the orbits in terms of astronomical units can also be deter- 
~ mined by direct observation as shown in Fig. 8°7 and Fig. 8'8. 

An astronomical unit (AU) is the mean distance of the earth from 
the sun. It is found to be 1°496 x 101m, The sizes of the orbits of 


(r) from the sun to the Planet can be computed from the right 
triangle shown, 


Fig. 8°7 
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, Computation of the distance to an outer planet can be made 
by observing the planet at least twice when it is at the same position 


Fig. 88 


on its orbit. The earth is not at the same position on its orbit when 
the two observations are made (Fig. 8°8) and hence angles 4; and 6 
. can be measured and 4 can be computed from the datas on which 
the observations are made. Distance from the sun to the planet 
can then be computed. [t was by computations such as this, based 
on observations made by Brahe, that Kepler determined the orbit - 
.. Of Mars. 

Table 81 give the semi-major axes (in astronomical units) 
of all the planets. With these values, it is easy to layout the solar 
system to scale. For earth, of course, the value is 1°00 AU by 
definition. 

As an example of measurement of a distance by iriangulation, 
consider the problem of determining the distance to the moon, 
Suppose that two observers, situated 3200 km ‘apart simultaneously 
measure the distance between the vertical and the line of sight to a 
particular crater on the moon (Fig. 89). To make the example 
simple, we shall assume that they choose a time when the angles 
they measure. are the same, and each measures 14'59°. Since the 
arc of the earth’s surface between them has a length 3200 km and 
. the radius of the earth is 6400 km, the angle at the centre of the 

earth subtended by that ar¢ is 0°5 x 57°3° or 28‘7°. Since the inte- 

rior angles of a quadrilateral must add to 360°, the angle at the 
| apex of the triangle must be 0:48°. If the arc along the surface of 
| the earth is 3200 km, the straight line through the earth Joining’ the 
two observers is approx. 3184 km, but the difference is not impor- 
tant since the angular measurements introduce more uncertainly 
than that difference. If the distance to the moon is now computed 
from phe 


| Distance=57°3x base of triangle x 
/ 


& 


1 
angle in degrees 


| 

wy 573 3184 

| . “3X 

| Distance — 748 =384000 km 
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The distance to the moon can be measured with considerable accu- 
racy by triangulation, but distances to the planets are so great that 
this method does not give good results. 


Fig. 8°9 


The best measurements of distances within the solar system 
are made by radar or in the case of the moon by visible light. 
Radar signals have been sent to Venus and the return echo recei- 
ved. Since radar signals travel at the speed of light, 3x 108 ms, 
the distance to venus can be calculated from the time required for 
the signal to go from the Earth to the planet and back with an 
“uncertainty of only a few kilometres. 


The first American astronauts to land on the moon left a 
comer refiector, a device with a number of eflectors which send 
jight back in the same direction from which it arrives. A laser pulse 
directed toward the moon through a telescope was reflected by 
the corner reflector and received on the earth again, and measure- 
nient of the travel time permitted calculation of the distance from 
the telescope to the reflector. It is hoped that this sort of measure- 
ment will permit determination of the earth-moon distance to within 
a few centimetres, 


(b) Size 


The objects of the solar system when observed through 
telescope give rise to disc images. We can, therefore, easily measure 
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the angular diameter 6 of the planet or any other heavenly bod 
From the definition of angle (Fig. 8°10), it follows that 4 


. @) 


where D=size in m 
6=angular size in radians 
r=distance of the object trom the earth in m. 


For example sun’s angular radius is 960" or 0°'00465 radians. 
Distance of the sun from the earth=I A U =1°496 1011 m. 


«. Solar radius=6956x 108m. I{t is about 109 times the 
radius of the earth. The diameters of the planets in units of the 
radius of the earth are given in Table 8.1. Similarly multiplying 
the angular separation of a satellite from the parent planet by the 
distance of the planet, we can calculate the distance of the satellite 
from the planet in kilometres. 


‘This method cannot be applied to find the diameters of stars 
because stars appear as points in the telescope. 


(c) Rotation 


We know that our earth revolves round the sun in one year 
and at the same time it rotates round its north-south axis from 
- west to east in 23 hours and 56°1 minutes. The planets also exhibit 
the phenomenon of rotation round an axis passing through their 
respective centres. The period of rotation ofa planet is deter- 
mined by observing the movement of surface markings or cloud 
patches over the disc of the planet. The rotation, periods are 
given in Table 8'l. In most cases the sense of rotation is from 
west to east as in the case of the earth. Mercury does not show 
any surface markings and venus is always covered with a thick 
blanket of clouds. Their rotation periods were determined recently 
by using the radar echo technique. Both of these planets are 
found to rotate very slowly and the rotation of venus is retrograde 


ie., from east to west. 
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(d) Mass: 


If we think of the earth moving in a circular orbit in order 
to simplify the calculation, we can say that the gravitational 
attraction between the sun and the earth provide the centripetal 
force to hold the earth in its path. Thus, in general, a massive 
heavenly body controls the movement of the nearby smaller body 
by its gravitational pull. For an orbit of a given size, the mass of 
the bigger body determines the speed with which the smaller body 
must revolve around it. It is, therefore, possible to determine 
the mass of the bigger body, if the size of the orbit and period of 
revolution of the smaller body are known. 


Fig. 8°11 


; Let M, be the mass of a large central body like the sun and 
let another smaller body, say a planet of mass Mg revolve round it 


in a circular orbit of radius ‘a’ (Fig. 8°11). Actually both bodies 
revolve round a common centre of mass C. By the Principle of 
balance we have 


| Myai=Maae | 
Ase? Ans Pee 


where ay and ae are the radii of revolution from the centre of mass 
C ice., ay+ag=a 


% _Ms 
“ag ~ Mt 
which gives 292 _ Ms+Mi 
ich gives Nay 
‘eit My (a; +42) Mia 


=" (Mi+Ms) ~ My+Mz 


Simuarly, a= a 


i 


: 
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: Now if V1 and Vp are the circular velocities of the two bodies 
in their orbits around the centre of mass C, we have : 


oy 2nay 
Vi= > 
2nas 
and Ve t 


where T is the period of revolution. 


Now considering the force acting on one of the bodies, say 
Mz, We can write, 


Gravitational force=mass x centripetal acceleration 


ie GMiMe __MsV2? __4x®Mea2 
7 ase cy 
Dividing both sides by Mg and substituting the value of 
Mia 
a2 Mi+Mz’ we have 
GM 4x2 Mia 
a 2 ' Mi+Ma 
4x2 a 
or Mi+Me= 6 PF +e(2) 


By knowing the period of revolution T, the sum of masses i.e., 
(My+Mz) can be obtained from equation (2). Further, if we’ 


know the position of the centre of mass Ci.e., if we knows we can 
find My: or Mj as well as Mo. 
M2 


In case one ofthe bodies say My, is very massive (as in the 
case of sun-planet system) as compared to the other then 


| wee 
m=". oe 2.3) 


(since MoM) 
where T is the time perioa of revolution of the smaller body. 


tion (2) can also be applied to a planet-satellite system 
in which M, = be the mass of the planet and Mg that of the 


satellite. 


(%t) *N 
s z (%L6) *oo 


(%02) *O 
cai 1 7008) "N 


$.01 0 (%s6)'0o 


vv 
J 


No. of Satellites 
Atmospheric 
Chemcompo- 


sition 


Velocity of 
Escape kms™ 


winnoe,, 


Surface Pressure 
in atmosphere 


$3/0d O£1— 
sovenby 
$1.0 of+ 


$3104 OS— 
(s0yenbg) 
0.0 set 


Spnoj> Op— 
(908jNg) 
$8-0 O8e+ 


isin 
ozI— 
90.0 ep Ore+ 


Temperature 
(Degree C) 


£8£.0 


000.1 


988-0 


L9£.0 


g in Earth Units 


Mean density 


kgm 


cOT XL6-£ 


201 XZs.5 


eOIX Lg 


2.17 
Gt £S.0 

@ 1.9¢ 
Yt 00.1 

(epeis 

~ON9y) 
(P) ¢oz— 96-0 


cOlX + 8£.0 


(Earth Unit) 
Radius R (in 
Earth Units) 


Mass M in 


L48£-0 162.0 Amnd30 


Semi-Major axis 


(a)in AU 
Period of Revolu- 


tion in Year 
ib ject 


0091 Splolaisy JO “ON JRI0L ++ * sajnuiM=m tinog=y ‘ skep=p $ zswi 78.6 =(4}189) 3 é 


W4LISAS UVIOS AHL NI SLOafao AHL AO SALLUAAOUa ‘IWOISAHd 


L8 FTav.L 


3 201 XLL6-S=(W) sseW Yue f Wy gLeo=(e) snIpeY Yreq £ Wy Ol X96p.1= N VW I‘ Shep LSZ-S9E= IEA I 


a 
gw TIN 
bt <4 z 
Sas. 
1% oes. 
sou 
Le +01 
oo bai 
= et 


osQ8tu 
Ost— 
Aep O11+ 


4 0¢7— 
spnoj[o 
0&z— 
spnoy> 
O@z— 


spnoyo 
SLI— 


spnoyo 
OrI— 


OLT.O 
Orr-0 


SZ 


81.0 


sOLXPEE €710-0 PZELZ 
201X 6b T1.0 (P) 6€-9 
201 X99.1 EAA ast 
(opes8 
707724) 
sOlXEE.1 9.61 D6 101 
ay 
201 XOL-0 7-$6 wor 
@S.0s 
sOLX€E-T GLE a6 
mso 
eOIXHE-€ 1000-0 - 906 


Lt0 
$.0 


bv.6E Ly 
0.06 1-991 

81-65 10.98 
OMS-6 = 9.67 
€07-S  #98-1T 
LOLZ €O0-¥ 


aoudne 


(pjosaisy. 
4898407) 


8:22 


The masses of the Planets in terms of earth mass a.e given in 
‘Table 8-7. On Knowing the.mass and radius we can easily calculate 


" 3M ; ‘. GM 
the mean density Fake and acceleration due to gravity g= “Rr 
They are Siven in table 8°1 above 


(e) Surface Temperature :— 


_ Planets shine by the reflected light of the sun. Only a. frac- 
tion of the solar radiation is reflected by the planet. The remain- 


10° Jm-2 deg~4 5-1 and Wien’s Law AwT=b where b=0'2897cm-K 
(see unit 5), we can determine the surface temperature T of the 
planet; the sun etc. Table 8'1 also gives the temperature of the 
Planets obtained in this way. The observed temperature decrease 


“exception, because it has a very thick atmosphere of carbon dioxide 
which acts as a blanket and keeps the surface hot. 


The temperature of the sun has been found to be about 
5800 K, confirming that the sun is approximately a black body. 


(f) Atmosphere : 


We known that our earth has an atmosphcre consisting of 
80% nitrogen and 20% oxygen with some carbon dioxide and water 
vapour. We can determine whether a planet or satellite has an 
atmosphere in two ways :— 


(i) to! observe meteorological phenomena of clouds and 
storms 


(ii) to detect atmospheric gases with the help of a spectro- 
‘aph. 


As clouds are good reflectors of light, they inercase the reflec. 
ting power of the planet which is called albedo (i.e., the ratio of sun's 
energy reflected bya planet to that atsorbed by it). Table 8"! also 
-Bives the albedos of various Planets and the moon, The albedo of 
‘venus is 0°85 i.e., it. reflects 85% light ; venus is known to be 
covered with dense clouds. The dull rocky surface of Mars reflects 
only 15% of sunlight. Moon and Mercury reflect only 6 to. 7% 
of sunlight very much like the Tocks on earth and hence they have 
practically no atmosphere. : 


The chemical composition of the atmosphere of a planet is 
derived from the study of its Spectrum’ which Id show the - 
characteristic. absorption bands of the” soy 


ees a gaseous molecules in the 
atmosphere. This is how jt was found that the atmospheres of 
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Venus and Mars contain mostly carbon-dioxide. Atmospheres of 
Jupiter and Saturn contain hydrogen, helium; methane and 
ammonia, while those of Uranus and -Neptune have hydrogen, 
helium and methane only. 


The ability of a planet to hold an atmosphere depends pri- 
marily on two factors, the gravity (g) and temperature: Small 
bodies like the moon have’very low gravity and consequently small 
escape velocity (see unit 3). Thercfore the atoms of the atmos- 
pheric gases escape one by one. leaving nothing behind. Mercury, 
Mars and Pluto, for which g is somewhat larger, should retain some 
atmosphere. Only in the case of Mercury which is very hot on 
account of its closeness to sun, the atmosphere has com- 
pletely escaped. Since high temperature is associated with 
larger kinetic energy (see unit 4) and hence with larger mean veloci- 
ties of atoms and molecules, which are sufficient to overcome the 
effect of gravity. Again since the velocity of lighter atoms js more 
by the law of equipartition of energy, they can escape much more 
easily than the k avier ones. That is why the planets, Venus, Farth 
and Mars have lost all their hydrogen and helium which are the 
lightest of all atoms. Heavier planets Jupiter and Saturn have, 
however, retained all gases including hydrogen and helium. 


Possibility of Life on Other Planets of the Solar System 
(Recent Findings Using Space Probes) : 


In this day of space travel, we should consider the possibility 
of life ‘on other planets, some of which man may:visit in a few 
decades. 


The following conditions must hold in order for plant and 
animal life, of the kind with which we are familiar, to exist : 


(i) The planct must have a suitable temperature range. The 
coldest temperatures must not be much colder and the hottest not 
much hotter than those reached on the earth. This in turn means. 
that the planet’s distance from the sun must not differ too much 
from that of the Earth. Of course, in the case ofa planet of a 
much hotter sun the (critical distance fora proper temperature 
range would be greater’ 


Gi) The planet must have a sufficient amount of atmosphere. 
A planet much smaller than the earth would have such a low 
‘velocity of escape” that a gaseous atmosphere would escape 
molecule by molecule. Thus leaving an airless planet or at least 
one with an atmosphere too rare to support life as we know it. 


(iii) The planets must have the right kind of atmosphere. In 
terms of our own carbondioxide-oxygen cycle, animal life needs 
oxygen and exhales carbon dioxide ; plant life needs carbon dioxide 
and gives out oxygen. There must be sufficient quantities of these 
two important gases. Our kind of life could not exist in an 
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atmgsphere of “poisonous” gases such as ammonia gas, carbon 
morfoxide, or methane, which~are known to exist on certain 
planets. 


(iv) The planet must have a considerable amount of water on 
its surfaces. 


Applying these conditions to the other planets of the solar 
system, we have to conclude that the Earth is the only planet on 
which life as we know it can exist naturally. 


(a) MERCURY : 


It isa planet closest to the sun and about chree times the 
size of the moon. Its same side always faces the sun as it moyes 
in its orbit. Its sunlit side has a temperature of about 370°C, and 
the dark side about —240°C. Due to extremes of temperature and 
absence of any atmosphere, no life is possible on this planet. 
Photographs taken by Mariner 10 space vehicle launched by U.S.A. 
in February 1973 show that the surface of Mercury is marked by 
craters of all sizes. 


(5) Venus 


_ Itisa brilliantly shining planet because it reflects as much as 
85% of the sunlight falling upon it. It is earth’s neighbour and 
a’ regards its)radius, mass and density, it has been tightly called 

_ Nhe earth’s twin. It is covered by a thick layer of dense clouds 
which account for the large amount of sunlight reflected by it. 
The surface temperature of Venus is about 480°C. It is partly due 
‘to the fact that it is close to the sun and partly because the atmos- 
phere and clouds prevent heat from radiating away from its surface, 
Venera space probes sent by U.S.S.R. between 1965 to 1971 showed 
that Venus is covered with a thick atmosphere containing 95% 
carbon-dioxide. The surface pressure is about 100 times the 
atmospheric Pressure on the earth. Under these circumstances, 
there is no possibility of life on this planet. 


Venus is rotating very slowly and more remarkable yet, it is 
Fotating backwards. Venus revolves about the sun and in a 
counterclockwise sense, and rotates clockwise about its axis. This 
is called retrograde rotation. 


(c) Mars 


Mars is perhaps the most interesting of the planets, when seen 

a telescope it is seen to have reddish colour ; at least it 

has been the object for the most Speculation. We get the best 

view of it ; its surface can be'seen without much cloud obscuration; 

and of all the planets in the system other than earth. it seems the 
most likely to be hospitable to life, 


i 
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The Martian day is almost the same as the terrestrial day : 
24 hr, 37 min, 23s. The Martian year is about two of our years. 
It is situated from the sun at a distance of about 1} tittes as 
much as that of the earth. The planet exhibits white polar caps 
that grow large in winter and small in summer in step with the 
seasons. Other changes in certain greevish areas are also seasonal. 
Temperatures in the equatorial regions tend to run from about 
30°C during the day to Perhaps —-75°C at night. The temperature 
at the poles is about —130°C. The presence of earth-like condi- 
tions on Mars suggested the Possibility of existence of some life 
on Mats. 


The Mars vehicles sent by Russia and Mariner space probes 
sent by U.S.A., however, revealed that the ice caps were made of 
solic CO: with a small percentage of water in them. The photo- 
graphs taken by Mariner 9 during 1971-72 showed that Mars has 
craters like those on the moon but the boundaries of these craters 
have beer smoothened by the eroding action of strong winds which 
causes huge dust storms. Viking-I and Viking-II were sent by. 
U.S.A. to find out if any life existed on Mars Viking-I began on 
July 20, 1976, man’s first ever search for life outside the third 
planet. Forty five days later, the second craft, Viking-II] landed” 
further north about 7000 kilometres away. Between them the two 
crafts have sent back valuable data and remarkable pictures, But 
Martian life, if it is there, still remains elusive. 


Viking Scientists argue that the failure to detect organic 
‘material in Martian soil does not necessary prove that there is no 
ife on the* planet. “The search may not have been sufficiently 
thorough or we may have been looking at the wrong places, 
“says Vikings chief project scientist, Mr. G.A. Soffen. ~ Others 
like astronomer Zdenek Kopal of Manchester University, feel 
that “the results obtained so far leave no‘doubt that Mars has no 
life,”” 


Even if the vikings have disappointed many who expected to 
see at least some form of living matter (lichens etc) on the planet, 
they have yielded an enormous body of important information, 
Many of the findings have radically changed our ideas about 
Mars, 


The Martian atmosphere turned out to be completely different 
from what was known earlier. Besides carbon-dioxide-and oxygen, 
viking instruments found as much as 3 percent nitrogen which was 
thought to be virtually absent on the planet. 


A major viking discovery was that the ice of the polar caps is 
made of frozen water and not solid carbon dioxide as many 
scientists suspected. If that is so, there would be enough water 
to filla lake one kilometre deep spread over 33,000 square kilo- 
metres ! There was also evidence of water frozen into the ground as 
“permafrost”, possibly a few kilometres thick. 


¥ 
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Another unexpected thing came ‘just before Mars went behind 
the sun and out of communication with earth. The Seismometer 


/ of viking-IT detected a “‘Marsquake’’, the first tremor on the planet 


recorded by man’s instruments. After all, Mars was not comple- 
tely dead : 


The viking missions also threw new light on the origin of 
two tiny Martian moons-Phobos and Deimos. Close up pictures 
taken by viking cameras showed them to be of meteoritic origin 
and not besaltic as thought earlier. Jf so, that would mean 


that the two moons were captured by the planct and not created 
from it. 


“(d) Moon :~ 


From the stand point of the universe as a whole, the moon is 
entirely insignificant (as, of course, is the earth), but residents 
of the earth, cannot ignore it. Exploration of the moon by manned 
and unmanned vehicles sent from the earth is providing informa- 
tion about both the moon itself and the early stages of formation 
of the solar system. 


The moon always.keeps the same face towards the earth 
because.its period of rotation is equal to its period of revolution 
tound the earth. The rear cide of the moon was first photographed 
by the Russian space probe Luna-3 in 1960. It also shows 
craters, dark planes and lighter shaded mountains like the visible 
front side. From telescopic studies it was already known that the 
lunar landscape is bleak and foreboding. It is an airless and 
waterless expanse of desert and rocks without vegetation, life and 
sound. Lack of atmosphere, and long duration of the day, which 
lasts for 15 earth days there, makes the temperature soar to 110°C 
at mid-day and drop to —150°C at night. Hence the U.S.A. 
_first sent out surveyor and orbiter Space crafts to observe the moon 
from’ close range before the astronauts Armstrong, Aldrin and 
Collins finally conquered it in July 1969 in their Apollo 11 space 
vehicle. “They and their successors brought back lunar soil and 
tocks for examination. The Russians also sent an unmanned robost 
vehicle Lunakhod in January 1973 and brought back Lunar Samples 
to earth all. by remote control. Analysis of Lunar material has 
shown that it is similar to the rocks in the earth’s crust. The age 
of lunar rocks agrees with the age of the earth and meteorites all 
being about 4} billion year old. Evidently the m--~ was formed 
at about the same time as the earth, 


The magneuc field of the moon is yery small and one infers 
that the core of the moon is not molten ; although why it has.a 
magnetic field at all is a mystery, : 


tg. 


8:27 


Data on Moon 
Mean distance from the earth=3 83 000 km 
Mean diameter=3480 km. 
Mass=7°35 x 1022 kg 
Period of revolution=27} days : 
Period of rotation=27} days F 
Mean density=3400 kg/m’: 
Accleration due to gravity=1°96 ms“® 
Temperature +110°C (day) 
—150°C (night) 
(e) Outer Planets 


All planets beyond Mars are so cold that living organisms 
are not likely to survive there. Further their atmospheres are full 
of poisonous gases like methane and ammonia. Pioneer and 
Voyager space crafts have been launched by U.S.A. for a close 
study of the outer planets with the hope that we could at least 
understand the origin of our solar system. 


Thus we reach the conclusion that life as we know it probably 
does not exist elsewhere in our solar system. 


But what about other planets of other solar systems out in 
space ? As can be readin books dealing with cosmology, there is 
no reason to doubt that a large number of the billions of suns out 
in space have families of planets, and it seems reasonable that one 
or more planets of a large number of these system will be of the 
right size and right distance from their sun to have proper atmos- 
phere-and temperature for the development of life as we know it. 
Remember, though that even the nearest of these other possible 
planetary systems is 32 million million kilometres from our own 
solar system. Weare not likely to exchange visits with them very 


soon. 


Other Objects in the Solar System 
Besides the planets and their satellites, the solar system 
contains 


(i) Asteroids 


(ii) Comets and 
(iii) Meteors and Meteorites 


(i) Asteroids 


Asearly as 1801 Fiazzi, an Italian astronomer, discovered 
with his telescope a body less than 800 km in diametre and having 
an orbit around the sun. Within a few years several similar but 
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still small¢r bodies were found. Because all these were much 
smaller than the planets and had orbit between those of Mars and 
_ Jupiter, it was decided to call them asteroids or Plantoids to 
distinguish them from the nine major planets. Since 1891 photo- 
graphy has been employed in the search for asteroids, and more 
than 2000 have been discovered for which orbits have been compu- 
ted. The. largest along them is Ceres witha radius of 350 km 
While the smallest might be only 100 metres across. They are 
“believed to be the pieces of a much larger planet which broke up 
due to the gravitational effect of Jupiter. The density and chemical 
composition of asteroids are very much like that of the moon. 


. (ii) Comets 


Comets are composed of small particles of rock like material 
surrounded by large masses of easily vaporised substances like 
ice, water, emmonia and methane. They move in highly elliptical 
orbits and spend most of their time for away from the sun. 
comet has a-nucleus)of about 10 km diameter which is not visible 
most of the time. When a—comet is far away from the. sun, it has 
mo tail. As it moves along its~ path and heads towards the sun, 
it begins to become elongated in the direction away from the sun, 

‘thus forming a_tail: The tail always points away from the sun 
‘regardless of the direction in which the comet travels. 


The formation of tail is due to what is called radiation 
Pressure. As the comet approaches the sun, some of its substances 
i vaporised due to solar radiation, which are then forced away 

m the comet by the pressure of light from the sun. 


Figure (8°12) shows the orbit of Halley’s comet which revolves 
around the sun ina period of about 75 or 76 years and was last 
seen from the earth in 1910 as the comet passed near its perihelion, 
The student may look forward to seeing it in 1985 or 1986. 


(iii) Meteors and Meteorites 


_ In addition to the planets and asteroids that are revolving 
around the sun, millions of very small bodies sometimes called 
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Planetesimals and weighing few grams to hundreds of metric tonnes 

are likewise moving around the sun-throughout the’ space occupied 

by the solar system. Occasionally the earth in its orbital motion 

comes so close to one of these\bodies that the body is attracted 

towards the earth by the earth’s- large gravitational force. As the 

object comes hurtling toward the earth’s surface, it moves through 
the extensive layer of gases that we call atmosphere. The-friction | 
of this motion produces heat that causes the outside of the small 

fast-moving body to become incandescent, and we see a meteor or 

shooting star. Thusa meteor is a relatively small body that has 

become incandescent because of the heat of friction in passing 

through the earth’s atmosphere. 


Most meteors are so small that during their brief passage 
through the earth’s atmosphere they vaporize completely, owing to 
the intense heat of friction. Occasionally, however, a meteor that. 
is so large, it does not completely vaporize actually reaches the 
earth’s surface and is- then called a meteorite. The biggest of 
meteorites form craters on the surface of the earth. In an authen- 
ticated case in 1954 an Albana Housewise in U.S.A. was injured by 
a glancing blow from a small meteorite that fell through the roof. 
of her home. ‘ ; 


The cause of craters on Moon, Mercury and Mars is also the 
same. 
Space missions to asteroids and comets are being planned by 
America during 1980’s. 


The Sun :— 

(a) The Sun is important to us for three reasons :— : 

(i) The Sun is our main source of light and heat. Most of 
Our energy comes dirtcctly from the sun in the form of radiation, 


(ii). The Sun is by far the most massive body of the solar 
system and hence controls the motions of the other bodies of the 
system. 99: percent of the mass of the. solar system resides in the 
sun itself. 

(iii) The sun is the nearest of the stars, and by studying the 
sun with telescopes and other instruments we can indirectly learn a: 
great deal about stars in general even though they may-be millions 
of light'years away. All other stars appear as points of light in 
even-the largest telescopes and hence we cannot observe details 
about their surface. : 

For measuring the distance of the sun and its mass, refer to 
Distances with in the solar system, size and Mass explained earlier. 
in Article 8°3 in this unit. “The distance of the ‘sun from the earth 
comes out to be equal to’1*496 x10! m which is called astronomi- 
cal unit (A U1). The mass of the sun is found to be 1'989 x 1090 ke. 
Combining ‘the distance to the sun with its apparent diameter 
permits the computation of its actual diameter, 1°4x108km.. The 
sun's diameter ‘is 109 earth diameters. Its volume is therefore. 
approximately 1 million times the volume of the earth. From its 
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volume and mass one can compute the density, which is 1400 kgm-3, 


about ith the density of the earth. 
Sunspots Spicules 
Marl is on {tongues of hot 
Z surfac gases at top of 
chromosphere) 
Fraculas 


(large bright areas, ~.7 
usually in vicinity 
of sunspots) 


Corona 
“: (pearly glow outside 
chromosphere) 


(apparent 
surface of sun) 


1.4Xx 106 km 


Flare (short-lived 
smali, very bright 
,area near sunspots) : 


Prominences 
(scarlet clouds of 
material near limb) 


Granules 
(continually changing 
small, bright areas all 
over photosphere, giving it 
; a mottled appearance) 
Layers and features of the sun 

Fig. 8°13 


The sun does not have a solid surface. The gases of the sun 
extend thousands or millions of kilometres into space around the 
apparent surface. The upper atmosphere of the sun is almost 
transparent to visible light. There is a narrow-zone, (approx. 
200 km) in which the gases of tne sun become opaque. That zone 
called the photosphere, is the surface which we see. Light leaving 
the upper part of the photosphere travels to us with little impedi- 
ment ; light from the bottom of the photosphere is likely to be 
absorbed and remitted beforc it escapes and light from below the 
bottom of the photosphere is certain to be stopped before it leaves 


the sun. The layer of atmosphere directly above the photosphere | 


is the chromosphere which extends for about 12000 km beyond the 
photosphere. 

The other important properties of the sun are given below : 
(b) Surface Temperature 


The sun radiates heat in all 
directions and the earth receives 
only 4 small fraction (about 
0°00005%) of this energy. On its 
way to the earth some energy is 
scattered by air, clouds, dust parti- 
cles, etc. in the sun’s atmosphere. 
This amount of heat energy received 
per minute by I square centimetre of 
@ perfectly black body placed ata 
mean distance of the earth from the 
sun, the surface being held perpendi- 
cular to the sun's rays is called Fig. 8°14 
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SOLAR CONSTANT. Its value is about 2 cal per cm? per minute or 
(2x 104)/60 cal per m2 per second or (2104) x 4°18/60 Jm-2. 5-1 
which amounts to 1°39 x 108 watts m-2, z 


Let us imagine a sphere of radius r equal to 1 astronomical 
unit (AU) with sun at its centre and S the solar constant 
(Fig. 8.14). The total amount. of heat energy received by the sphere 
of radius r is given by 4nr?.S watts. This is the total heat energy 
emitted by the sun per second. If R jis the radius of the sun, 
the heat energy emitted by one square metre of the solar surface 
per second is 


arr rt 
4nR? ~R?* 
Now r=1°496x 104 m 
and R=6928 x 108 m and S=1°39 x 108 watts m=? 


pe (2496x1001)? 
= “(€928 x 108)? 


=6°41 X 107 watts m=? 
Now according to Stefan’s—Boltzmann law, 
E=oT4 
where c=5°735 x 10-8 watts/m?/(K)4 


. 7 
t2(5 (sist) 
=5800 K 
=35527°C 
which gives the surface temperature of the sun, supposing it to be a 
black body radiator, 
(c) Conditions at the centre of the sun 


As we go deep below the surface myers of the sus, the density, 
emperature go on increasing due to the compression 
Hegre of the agen above. Calculations show that the 
seehiperassire at the centre of the sun is of the order of 14x 106K. 
It shows that the sun must be gaseous all the way to the centre 
because of this high temperature. About 70 percent of the sun’s 
mass is hydrogen, about 28 percent helium and the remaining 2 
rcent is composed of other heavier elements from lithium to 
pea The density of the sun is about 10-4 kg/m’ at the 
surface and it increases to 10# kg/m* —_at the centre. The pressure 
at the centre of the sun is of the order of 2x 1016 Nm™. 


E= 


x 1°39 x 108 
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(@) Source of Solar Energy 
The cause of the solar energy from the sun and other stars 
has long been a mystery which is not clearly understood even to- 
day. The sun has been radiating cnergy at the rate of about 
4x10!6 Js“! for several billion years without showing any sign of 
cooling off. Chemical reactions cannot possibly be the source of 
this energy, because even if the entire mass of the sun is assumed 
to consist of pure carbon, its complete combustion would maintain 
the radiation at the above rate for only a few thousand years. The 
Process of fission cannot also be expected to be the source of the 
sun’s energy, because the abundance of heavy elements in the sun 
is too small-to account for its high rate of emission for so longa 
period... Hydrogen and helium constitute more than 95% of the 
,Sun’s mass. It is. thus probable that certain nuclear processes 


‘inyolving hydrogen and helium may be the actual source of solar 
energy. c 


Prof. Hans. A. Bethe proposed in 1939 a set of thermonuclear 
‘feactions to account for the energy produced in the sun and it is 
known as carbon-nitrogen cycle. 


: *The cycle consists. ofa chain of nuclear transformation in 
which hydrogen is converted into helium, with the aid of carbon 
‘and nitrogen as catalysts, the highly energetic thermal protons 
‘constituting the projectiles in the successive reactions. A proton 
collides with ordinary carbon (C!2) and forms the lighter isotope 
of nitrogen (N18). The nucleum N!* being radioactive, emits 4 
positron (counterpart of clectron) and is transformed into stable 
heavier isotope of carbon (Cl%) Being struck by another proton, 
this carbon is transmuted into ordinary nitrogen N14 again. The 
nucleus N14 collides with still another proton and produces the 
unstable oxygen isotope O!5 which decays with positron emission to 
form the stable nitrogen isotope N°. Finally, this N15 reacting 
with a fourth proton breaks up giving a carbon nucleus (C!2) and a 
‘helium nucleus (Heé) ; > 
Cel? + Hi! *N7!8+- fv (Energy) 
*N718+Cg184-¢+ (Positron) 
Cel8 + Hy1->+N7!4-+ by (Energy) 
N74 + Hy1-+*0,154 hy (Energy) 
¥*0,15-+N716 +e+ 
N715-+Hy1->Cgl2+ Heat 


It will be noted that these reactions form a closed chain or 
cycle, returning to the starting point after every six steps. Carbon 
and nitrogen, therefore, remain unaffected, enabling the cycle to 


continue... The period of a complete cycle is estimated to be about 
5 million years. ee 


“*. "For bright students only. 


-year with a.period of about, 11°! years. 
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Summing up all the above equations, 


4Hi!>Heo'+2e++Energy |. 


According to modern views of stellar evolution, the above 
mentioned carbon-nitrogen cycle comes at a rather late stage in 
the life of the stars. A star is formed by the condensation of a 
large amount of matter at a point in space. Under the influence 
of gravitational attraction the amassed matter gradually contracts, 
resulting in a rise of temperature until the central part is about 
200.000°C. At this stage, there is sufficient thermal energy for a 
proton-proton interaction to form a deutron as given by 


Hy}+H 1+ D2, +e* 
(Proton) (Deutron) 


which is followed by two additional proton reactions resulting in 
an «-particle (helium pucleus), as : 
D,?+Hy+He,3 


Hes? +Hy!—>Heg*+et 
(«-particle) 


Summing up these equations ; we have 


4Hy1>Hee!+ 2e+ + Fnergy 


In both these cycles, four hydrogen atoms fuse together to 
form a helium atom (Heg4). Now the atomic mass of four hydrogen 
atoms (Hj!) is 4:032 while that of helium atom is 4003. Thus 
there is a loss of 0°7 percent of mass. ‘This mass is converted in- 
to energy according to Einstein’s mass energy relationship. 


E=mc? where E represents energy, m is the mass and c is the 
velocity of light, (3x 168 ms). The loss of mass gives rise to 
5x 1014 Jkg-1 of energy which is enough to maintain the radiation 
of energy from the sun for a long time. 


(e) Other Surface Phenomena (Sun spots aind Solar activity) : 


Photographs of the sun taken in white light show many dark 
spots which are called sun spots. Sunspots appear dark by cont- 
rast with the solar surface, because they have a somewhat lower 
temperatures of about 4500 K. . Some of the sunspots are so big 
that they. can easily swallow several earth like bodies. Sunspots 
are characterised by intense ayes Bley ape Batons 
' is are foun y 
gauss. The number of sunspo Mis tae acon 
as sunspot.cycle: The sunspots arefound to move across the dise 
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from day to day; from this it is inferred that the sun rotates with 
a period of about 25 days at its equator. Some regions in the 
vicinity of sunspots sometimes become suddenly very much 
brighter than usual ; the regions are called flares. During periods 
of high sunspot activity, as many as 5 to 10 flares may be seen in 
one day. When a flare is seen at the edge of the disc of the sun it 
is a jet of gas extending upward several thousand kilometres and 
it may rise hundreds of kilometres per second. A flare is of short 
duration—perhaps an hour. During flares X-rays ; ultraviolet 
radiation, and radio waves are emitted in unusual quantities, 
and particles are ejected into space at high speed. Both the radia- 
tion and the particles affect the earth changing radio communica- 
tion over great distances and disturbing earth’s magnetic field ; 
aurorae are visible effects of the particles. 


In contrast to the flares, which are of short duration, promi- 
nences may persist for weeks or months. Photographs taken.with 
only one colour of light often show dark lines near sunspots. The 
dark lines are. called filaments. When they are seen at the outer 
edge of the sun’s disc, they often appear as great arches, and then 
they are called prominences. Prominences can be seen with corona- 
graphs and many have been photographed. Solar astronomers 
study the face ot the sun constantly and astrophysicists try to 
understand the origin and convolutions of the magnetic fields with- 
in the sun which can produce the effects seen on the surface. 
Metcorologists are also interested in some aspects of the sun’s 
activity, for the earth’s magnetic field and possibly to some extent 
the earth’s weather, are affected by the outbursts on the sun. 
During the-time astronauts have been in space, special watch has 
been kept for flares, for the X-ray and particle emission from violent 
flares could be hazardous for men exposed in thin space suits. 


Example 8'1. The lens of our eye has a diameter of 8 mm. How 


much fainter objects can be seen through a telescope of 120 cm. 


aperture as compared to the faintest naked eye stars ? 
Solution. 


e 


Diameter of the eye lens=0°8 cm 

+3 )2 
ee ene 
Diameter of ihe telescope objective=120 cm 


(120)? 
4 


Area of the eye lens=a}= 


Area of the objective=a.— 


. 2 22500 
a 


The telescope of 120 cm aperture, therefore, can see stars 
22590 times fainter than those seen by naked eye. 
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Example 82. Calculate the aperture of the objective ofa 
telescope which may be used to resolve stars separated by 1 
second arc (4°84 x 10-6 radian) for light of wavelength 5x 10-7 m.. 
Solution. 

Here A=5x 10-7 m 

0=4'84 x 1076 radian 
Aperture of the objective=D=? 
Now the angular limit of resolution of telescope 


1°22A 

2 Layo 
pa L22A_1:22x5x107 
=. Sapien 84 x0 76 


=0126 m 
Example 83. The distance of the satellites of Mars are 25” 


for Phobos and.62” for Deimos at mean gpposition when Mars is 
0°524 A U from earth. Calculate distance of the two satellites for 
Mars in A U and in meters. 

If the period of revolution is 0°319 day for Phobos, find the 
mass of Mars in units of the earth’s mass which is 5°977 x 104 kg 
(G=6'668 x 10-41 Nm? kg"). 


Solution ~° 
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For Phobos 
Angular separation 6,;=25" 
x 
="3600 * “80 "4 


_ Distance of Mars from Earth=0°524 A U 
Distance of Phobos from Mars (a;)=0°524 x 6, A U 


524 25. ae Os -5 
=~ 007 * “3600 Xigp =0'35* 10 AU 


=635 x 10-5 x 1°496 x 1011 
=9'5x 108 m 
For Deimos. 
Angular separation 02.=62" 


ROR a vy 
= 3600 * 780 '¢- 


Distance of Deimos from Mars (@2)=0'524 x0, A U 


- 62 td 
=0'524 x 600 x0 


=1574x106AU 
=157°4 x 10° x 1°496 x 10U m 
=236'1x 105 m 


Since M=— -—; 


For Phobos, T=0'319 day=31'9 x24.% 36 sec 
a=a,=9'5x 106 m 


4x 2/ 
M a 7 Se (9°5 x 108)3 
Phobos “6668 10-11 “(31-9x24x 362 
=6'689 x 10%kg 
Mass of earth=M,,., =5'997 x 10°4 kg 


Mphobos _ 6°689 x 10% 
Meany 5997102 


=0111 


_ Example 84, Calculate the value.of the solar constant at a 
distance or Jupiter which is 5-2 AU from the sun. Hence calcu- 
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late the temperature of a black bodyon Jupiter by Stefan’s Law 
(solar constant at the earth’s surface=1°388Xx 108 watts m-2; 
Stefan’s constant c=5'669 x 10° Wm-? deg™4), © ios 
Solution. 
Solar constant at the Earth’s surface 
=1'388x 103 watts m-?- 
Distance between sun and earth=1 A U 


Dista~* ‘een sun and Jupiter=5'2 AU 
_ Sine radiation obeys inverse square Jaw, the radiation 
received by | m? surface of the Jupiter or solar constant at Jupiter 
1388 x 108 . 
fl RI SORE Lee =2 
Sat =51'33.watts m 
According to Stefan’s Law 
oT! 
ee 
o 
EBNEE, 51°33 + 
t=(=) =\ 5669x108 ) 
=173'5 K 


Example 8'5. Period of revolution of the moon is 27°32 days 
and its mean distance from earth is 384 400 km. Calculate the 
sum of the masses of the earth and moon. Further, using the 
known fact that the-centre of mass of the earth-moon system lies 
at 4°75 108m from earth’s centre, calculate the mass of each. 


(G=6'668 x 10-44 SI units) 


Solution. 
We know that 
_ 42 a 
My+Me= rom x T 
Here,’ 


a=324400 km=3844 x 105 m 
T=27°32 days 
=27:32x 24x 60x60 sec 
G=6'668 x 10°! Nm? kg? 
Let Mi=mass of the earth 
and Mo=mass of the moon 


8°38 


4x(22) 
MiitMe 7 (3844 x 105)8 
Le 6668x1011 * (2732x2460 x 60)2 
=6'046 x 1024 kg 


Let ai and ao be the distances of the earth and the moon from 
the centre of mass of the earth-moon system and let a,+a,=a 


Mea ee st FU Beg 
Now ay M+ Ms and a8 EM 
Mie (Mit Me) cit 
Now a=475x 108m 
and a=384'4 x 108 m 
Mou £61046 1024) x 4°75 x 108 
a 3844x106 
=7°45 x 10% ke 


Again, Mi+ Mo=6'046 x 1024 
M1=6'046 x 10°4—7°45 x 1022 
=5°97 x 10%4 kg 
84 GENERAL IDEAS ABOUT STARS 
On a clear night one can count as many as 2500 stars in one 
hemisphere, the total being 5000 in the whole sky. With the aid 
of telescopes millions of stars can be seen. It will be useful to 
try to gain some perspective on stars and on our relation to them. 
How bright are they ? ‘How far aw.y are they? Are they uni- 
formly distributed or are they organized into groups? We shall 


describe now some of the methods available to the astronomers 
for making such studies. 


(a) Stellar distances 


So far distances within the solar system were discussed in 
astronomical units and in terms of light travel time. AS we shift 
our attention to the stars, the distances we must work with become 
so much greater that only light travel time is useful. The light 


A Earth 


Star 


Fig. 8°16 


a 
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year, which is the distance light travels in one year, is a common 
unit used in discussing distances to the stars. One light year is 
9°48 1015 m. Note that light year is a distance—not a time. 


_ The nearest star is Alpha centauri, It is 4°3 light years away. 
This means that when we look at this particular star, we see light 
which left there 4°3 years ago. 


There are two methods of determining stellar distances : 
(i) Annual Parallax Method 
(ii) Spectroscopic Method 


(i) Annual Parallax Method 


A necessary consequence of the facts that the earth moves 
around the sun and that not all stars are the same distance from 
the earth is the possibility of seeing annual parallax, an apparent 
motion of nearer stars (closer than 100'light years) against the back- 
ground of more distant stars which are motionless. Then as the 
earth moves around the sun, a nearby star which lies in the plane of 
earth’s motion should move back and forth along a line ; a star 
which lies in a direction perpendicular to the plane of the orbit: 
should appear to move in an elliptical path which is a duplicate of 
the path of the earth and a star lying somewhere between the per- 
pendicular and the plane of the orbit should appear to move in 
a path which is a flattened ellipse (Fig. 18°17). If the stars are 


motionless, the parallax of a nearby star 
should be observable in one year, if the stars 
are in motion, more than one year’s obser- 
vations will be required to separate paral- 
lactic motion from true motion. The latter 
is the actual situation. 
Annual parallax was no’ actually 
observed until 1838 although William 
Herschel had made a careful attempt to 
detect it somewhat earlier. In that yeat F. 
Bessel detected the parallax of the star 61 (a) 
Cygni, and F. Struve detected the motion ~ 
of Vega. Both men used specially equipped 

telescopes to measure the separation between 

the star being observed and someback 

ground object, the work was tcdious and 

difficult. Now photographs are taken of the 

same area of the sky ¥ throughout the 

year, and from measurements of the move- 

ments of the images of near by stars their 

parallaxes can be. determined. 

If the parallax of a star can be measu- b} 
red, the distance. to the star can be com- ( 
puted by the method of annual parallax ‘or 
trigonometric parallax. The trigonometric Fig. 817 
parallax of a star is defined as the angle suh- 
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tended at the star by one astronomical unit. That is, we use the 
displacement of the star during half a year. Fig 816 shows the 
triangle in which the base is the astronomical unit (A.U.) and the 
angle (0) at the star is the trigonometric parallax, if that angle is 
known, the distance to the star can be computed easily. 


p= AO 
AB 
where AO=1AU 
and AB=distance of the star. 


This method has its limitations. Parallaxes for almost 7000 
Stars have been measured ; for only the 700 are the distances 
known to within a 10 percent accuracy. 


(ii) Spectroscopic Parallax Method : 


The method of spectroscopic parallax is used to determine 
the distance to stars too far away (more than 100 light years) for 
annual parallax to be observed and it is used to help calibrate 
other methods which measure even greater distances. It is most 
teliable when applied to a cluster of stars so that many points can 
_ be fitted to the main sequence line in the Hertzsprung-Russell 
diagram (Fig. 8.18), the best common distance for all the stars 

determined, 


The method involves determination of the apparent and the 
absolute luminosity of the star and then figuring out how far an 
object of given absolute luminosity would have to be to give us the 
observed apparant luminosity, 


(5) Magnitudes 


Bi than 2000 years ago Hipparchus a Greek astronomer 
who repared the first star map, divided the naked eye stars into 
Six magnitude Classes according to their brightness, The brightest 
stars were put in the first magnitude class. Successively fainter 
stars were put in 2nd, 3rd, 4th, 5th magnitude classes, the 
faintest visible stars being put in the 6th magnitude class. On 


. Hence zero and negative magnitudes. were 
her hand more powerful telescopes made 
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magnitude. It is expected that the 90 inch space telescope to be 
put in orbit around the earth by the space shuttle in 1980’s would 
be able to show us stars of 28th magnitude, which would be- 10% 
times fainter than our sun. 


(c) Absolute brightness of stars 


So far we have been talking of the brightness of a star as ‘it 
appears to us or in othér words its apparent magnitude. A star 
looks bright either because it is intrinsically bright or because it is 
nearer to. us. The sun looks brightest of all the stars because it is 
closest to us, although it is really fainter than many other stars 
like Betelgeuse which,look fainter because of their large distance. 
The true or absolute magnitude of a star corresponds to the bright- 
ness of the star if it were taken to some standard distance (32°6 
light years from the sunfrom its actual position) 


The apparent brightness of an object varies inversely as the 
square of the distance. So we can compute the true brightness of 
a star from its observed apparent brightness and distance by 
bringing it to a standard distance. 


. L 

I= FR? 

where I=Intensity of radiation reaching the earth measured in 
joules/second/metre? in the same wavelength band — 


L=Luminosity of the star measured in joules .” sec of 
energy emitted’in a particular wavelength region. 


R=distance to the’star in metres. 


On this basis we find that Sirius and Betelgeuse are respecti- 
vely 22 and 19000 times brighter than our sun intrinsically. They 
look faint only on account of their large distances. The absolute 


‘ ‘ ‘ 1 
brightness of stars ranges between 60000 times to A000" of the 


brightness of the sun. 


(d) Stellar Spectra 


: Just like the sun, the stars also show a continuous spectrum 

on which dark absorption lines are superimposed. The continuous 
spectrum is produced by the surface layers of the star which form 
what is called the photosphere of the star. The photosphere emits 
continuous radiation in all wavelengths like a black body. The dark 
absorption lines are produced when the continuous radiation. of 
the photosphere passes through the top most cooler layer which is 
known as the reversing layer. The wavelengths of the dark 
absorption lines depend upon the composition cf the material of 
the reversing Jayer. So we can identify the atoms and molecules 
in the stars by noting the positions of Fraunhofer lines in their 
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spectra, It is found that stars contain the same 92 natural and 
aboyt a dozen artificial elements that are found on pty ; 


The spectra of all stars are not alike ; the spectrum is related 
to the colour of the star. There are seven principle classes of 
stellar spectra denoted by letters, O, B, A, F, G, K and M. Their 
properties are given in Table 8'2. 


We see that O and B typestars are blue and their spectra 
show helium lines. The A type stars are white and their spectra 
are dominated by hydrogen lines. F and G type stars of green and 
yellow colours show lines of ionized and neutral metals. Finally 
the'spectra of the orange K and the red M stars contain molecular 
bands of titanium-oxide in their spectra. 


The colour of a-star is actually related to the temperature of 
the a ah inca This can be understood from Wien’s displace- 
ment law. 


Ama» T=constant 


_ As the temperature T is increased, Amas, the wavelength at 
which the intensity is maximum becomes shorter and: the colour 
changes ,accordingly. For example, if we heat am iron ball, which 
is black when cold, it first beco.nes red hot and on further heating 
changes its colour to white and then to blue. Similarly the coolest 
stars look red or orange, the hotter ones appear yellow or green 
while the hottest stars are white or blue. Thus we see that the 
spectral sequence O, B, A, F, G, K, M arranges the stars accor- 
ding to decreasing surface temperature. 


In earlier days it was thought that the differences in the 
spectra of stars were caused by the differences in their chemical 
compos'tion. For example O and B stars were called heluim stars, 
A stars were thought to be made of hydrogen and F and G stats of 
metals. The Indian Astro-physicist M.N. SAHA showed in 1922 
that all stars have the same chemical composition and the 
differences in their spectra are principally due to different surface: 
temperatures of stars. At low temperatures ofa few thousand 
degrees, the gases occur in the form of molecules as is found to be 
the case for the M type stars. As we increase the temperature the 
molecules first break into neutral atoms and on further increasing 
the temperature ‘the atoms becomes ionised. Metals have: low 
ionization potentials, hence they are ioniséd at low temperature. 
This is what happens as we go, from M and K toG and F type 
stars. By the time the temperature is raised to about 10000 degrees 
in A type stars all metals lose several valence electrons and hydro- 
gen is excited giving rise to strong Balmer lines. By further increase 
of teraperature to 20000 degrees, hydrogen is completely ionised 
‘and helium is excited. Thus in B stars neutral- helium lines 
dominate the spectrum. Finally in the hottest O type stars with 
temperatures of 35.000 degrees even helium is ionised. Thus 
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Saha’s Theory of ionisation has helped us to determine the surface 
' temperatures of stars from their Spectra as given in Table. 8.2. 


After knowing the temperature it is easy to find the true 
chemical composition of the stellar atmospheres. H.N. RUSSEL 
was the pioneer in this field. He and later workers found that all 
stars have essentially the same composition as that of the sun. 
Not only stars but the gas and dust that exist in the interstellar 
Space are also r :de of the material of the same composition. This 
cosm’c mixture has hydrogen, the lightest of all elements, as the 
most abundant constituent, 88 percent of all the atoms in the 
universe are hydrogen atoms; 1178 Percent are helium atoms and 

Temaining heavier elements make up onty 0°2 per cent popula- 


tion of atoms. 
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Absolute photographic magnitude 
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(more commonly, the H-R: diagram) is one f the 
devices yet developed for Organizing information about i 


In the H-R diagram, cach star i Tepresent i 
“The horizontal axis of the dj mn is Inbehed mth wed acnctiai 
classes (O, B, A, F, G, K, M),. the vertical axis is labelled with 
absolute magnitudes. Thus a star which i3 special class‘O and is 
very luminuous is represented by a Point at the upper left corner 
of the diagram. The ‘sun which is spectral class G and of moderate 


7 


845 


luminosity, is represented by a point near the ceatre of the diagram. 
Colour index or any other function of surface temperature can be 
used on the horizontal scale instead of stellar class to generate 
essentially the same graph. In general terms, then, the H-R diagram 
is a plot of intrinsic luminosity (or absolute magnitude) against 
Surface temperature. — 


Fig 818 shows such a diagram. Most of the stars fall on a 
broad line running roughly from upper left to lower right, that 
band is called the main sequence. In the lower left are white dwarfs. 
They are intensively hot but not bright. This implies that their 
surface areas and ‘hence ‘their volumes must be exceedingly 
smali. Most of these stars’ are slightly larger than’the earth but 
their masses are comparable with the mass of the sun: \At present 
afew hundred white dwarfs are known. To the right of the main 
sequence and above it are giants and supergiants. Stars at the left 
side of the diagram are hot and blue or white ; those ist the centre 
are yellow and those at the right are red, Stars near the bottom 
of the diagram are yurinsically faint and those pear the top are 


very luminous. 


A star cannot be plotted on the H-R diagram utiless its 
absolute magnitude is knowa, which means that its distance from 
the sun must be known. 


(f) Sizes or Radii of Stars : 


Since the stars are seen as point sources even with the’ 
largest telescope their angular diameters cannot be measured. So 
the method of determining size described in Art. 8.3 above 
cannot be applied to them and we have to use some other 
‘indirect method. 


If we assume that stars emit radiation like bluck bodies then 
each unit area of its surface would emit energy per second E=oT* 
where T is the surface temperature. The surface area of the star 
is 4nR2 where R is the radius of the star. Hence the total luminosity 
of the star will be L=(4nR*) x (0T‘). 


This equation will give the radius R when temperature T is 
known from the spectrum and luminosity L from the absolute 


magnitude. 

_- The radii of various spectral types of stars are | given in Table 
82. For most stars they range from about 20 solar radii to about 
1/10th of the radius of the sun. TRere are a few exceptions : for 
example Capella and Betelgeuse have radii equal to 50 and 220 
times the radius of the sun. Such stars are called giants and 
supergiants on account of their large size. By contrast the other 
most common stars like the sun are called dwarfs. At the other 


extreme we have stars like the companion of Sirius which is only 


twice as big as the earth in diameter. These very small stars are 
cailed white. dwarfs. 
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(gj Masses of Stars — 


_About half of the stars in the Milky way are binary systems. 
A binary system contains a pair of stars which revolve around 
their common centre of mass. Alpha centauri, Sirius, Spica are 
all. binaries, Masses of stars “are obtained by the study of the 
bianaries and through the application of Kepler’s. third law 
_ incorporated in equation, 


Mi+My= “2 . (derived in Art 8.3 above) 


Mi and Mg are the masses of’ stars and a; and ag are the 
radii of the orbits and T is the period of revolution where a= 
41+-49. For convenience let us take sun’s mass as the unit of mass, 
the astronomical unit as the unit of distance and the year as the 
unit of time. In these units G=4n® and hence 


; Thus from the knowledge of the motion of stars about their 
common centre of mass, it is possible to find their masses. Masses 
of about 100 stars have been measured by the above method. The 
masses of stars range from about 40 times thé mass of the sun for 


di hottest 0 stars to a tenth of the solar mass for the coolest M 
stars, 


- For all stars except the white dwarfs it is found that the 
luminosity increases with mass toughly according to the 3}th 
Power of mass. For example Sirius, which is 2'3 times as massive 
as the sun, is 25 times brighter than the sun. (See table 8°2). 


ple 86. The two components of Procyon have a sepa- . 


Exam, 
tion of 4°55" and period of 40°6 years. If the distance of the binary 
is 11°3 light years, calculate the sum of masses of the two stars in 
sia pains If the ratio of their masses'is 3: 1, find. the mass of 
star. 


If both components of Procyon have the same while 
one component is 15000 brighter than the other, tients the 
tatio of their radii. 


Selution, £ 
Angular sepuration between the components =§=:4'55" 
4:55 = 
="60x60 * 180 
=2'206 x 105 rad 


Now the distance of the binaty from Procyon (r) 
=11°3 light years 


vo. 
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11°3x9'46x 1012 
1°496 x 108 
=715x108 AU 
because | light year=9'64 x 1012 kim 
and TAU =1°496x10 km ¢ 
Hence distance between the components 
=a=0 (in rad)xr(in AU) 
a=2'206x 10-5 x7'15x 105 
=1577AU 
The’ two components revolve round the common centre in 
40'6 years. penne sun’s mass as the unit of mass, astronomical 
unit asthe unit of distance. andthe vear as the unit of time, 


therefore, the sum ‘of the masses of the two heavenly objects 
revolving round a common centre is 2 


a (15:77 
Mi+Masag =o? 
==2°38 M (Sun) ( 
: M3 
Since rami 
My=2'38 x $=1°785 M (Sun) 
and Mg==2'38 x}=0'595 M (Sun) 
For all stars, the luminosity increases with mass roughly 


according to 34th power of mass. If Ly and L, stand for ‘the 
spectral brightness of the components of mass M: and Mg respec 


tively, we have “s 
da_(y" 
Le \ Ma 
Mi _( i" =(15000)2/7= 15°58 
2 


If Ry and Rg are the radii of the components and the density 
p is supposed to be the same for both, we have 
Mi _ $e Rib*p _ Ri® 
Mi #RFe ~ RF 
Ri _( Ma ) heli 
E -( ME) =c15'58) # =249 
-_ (h) Interiors of Stars ; 
On dividing the mass ofa star. by its volume we get its mean 
density. The mean densities of dwarf.stars range from.10 kg m=* 
for the hottest O stars to 50000 kg: m~S for the-coolest M stars. 
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The lowest densities are found im supergiants e.g., Antares 
(« Scorpii) is only three thousandth as dense as air The densest 
stars are white dwarfs-like the companion of Sirius which is 5000 
times denser than the densest element platinum. 


As in case of the sun, temperature and density increase 
towards the centres of stars. The Central densities of dwarf stars 
range from a few thousand kg m- for 0 type stars to 104 kg m3 
for F, G, K and M type stars. The central temperature is 
maximum (about 30 million degrees) for early type O and B stars 
and minimum (about 10 million degrees) for M type stars. 


(i) The Metion of Stars 


The stars appear motionless, but they do so only because they 
ate far away. 


One direct method of detection of stellar motions is to take 
a series of photographs over a period of years and then compare 
them carefully. After applying due correction for the parallax 
the remaining change in position represents the proper motion. 


A better method is to study Doppler shifts in their spectral 
lines. It can be proved that the light waves from those objects 
which are speeding away from the earth are stretched just as the 
sound waves from a railway engine that is speeding away from a 
listener are stretched out to create the familiar change in the pitch. 
‘The change in wavelength of light AA produced by the motion of a 
star moving with a velocity V is approximately given by 


dav 
Shien 6 


where 1 is the unstretohed wavelength, c is the velocity of light 
and V <c. ‘ 


If the star is moving towards the earth, the wavelengths of 
t reaching us are shortened. But if a star is moving away from 
a earth, ex tlw) wevelees tt light | are inh Such shifts in 

wa' $8 CAB ed and measur @ spectrograph. 
From such studies it has been found that most of the pm Geant 
move away from the earth and their’ black absorption lines which 
their continuous Ss are thus shifted towards the red end 

un spectrum. The Doppler shift is, therefore, known as red 


Stellar Evolution 


Like other things in the universe, a star is bern, lives for a 
certain length of time and eventually dies. oie 


Birth of a Star. According to one theory the | ce 
between the stars is filled with particles of thin dust aloo ef The 
study of the spectra of the star light after it passes through thete 
gases shows that these gases contain as much as 75 percent hydro- 
gen. The remaining is mostly helium with minor amounts of 


ree ae 
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some heavier elements. The weak gravitational attraction bet- 
ween these particles draws them closer together to form a 
cloud. As the particles get closer, the gravitational attraction 
increases so that the original cloud becomes a rapidly shrinking and 
thicker mass. For this to occur, the original cloud should have a 
mass of at least one thousand solar masses. Increasing pressure 
in the centre of this shrinking mass causes the temperature to rise. 
At a certain stage during contraction, the cloud breaks up into 
alarge number of fragments of stellar size and each fragment 
continues to shrink. When the temperature of a fragment reaches 
millions of degrees, nuclear fusion begins to take .place so that it 
begins to radiate light from its surface. Thus each fragment becomes 
@ source of energy and cluster of stars in-born. 


The amount of matter which accumulated to form the star 
decides its mass. The'size is determined by the equilibrium between: 
gravitational forces trying to pull the material inside and the forces 
due to electro-magnetic radiation pushing it out. 


Death of a Star. The soufce of energy of each star is the 
fusion process ‘involving carbon-nitrogen cycle or proton-proton 
reaction already discussed in Art. 83. During these reactions, 
hydrogen is converted into heluim and energy liberateu during 
these reactions kceps the star shining for millions of years. 
The life span of a star is determined by the amount of hydrogen it 
had at its birth and the rate at which it is consuming it. When the 
stars have exhausted a certain proportion of their available hydro- 

, the core begins to contract while the outer regions expand. 
Their syrface temperatures drop and star becomes giant or super- 
giant. The life span of a star during its giant and supergiant 
phase is small as compared to that of dwarf phase. The end of 
this giant and supergiant phase is small ‘as compared to that of 
dwarf phase. At the end of this giant or supergiant stage which 
lasts for millions of years, the star produces energy on’such a large 
scale and a rapid rate that it explodes in the form of a nova or 
supernova throwing out a major portion of its enveloping mass into 
interstellar space. The core finally cools to a stage that no more. 
energy is radiated, Thus the star finally becomes a dead ball o| 
highly compressed matter, lost from sight for ever. 


The average life of a star is about 10 billion years. The sun 
which has lived through about half of its dwarf phase is thus 
al 5 billion years old. 


Within the past few years new radio and infrared telescopes 
have made it possible for many astronomers to probe the birth 
places of massive stars. Recent observations seem to indicate that . 
the birth of such stars is sequentially triggered by. shock waves 
travelling through gigantic clouds of intersteller gas and dust. 


$50 
’ $5 THE MILKY WAY : SIZE AND SHAPE 


Fig. 8119 
____ Milky way is a very large band of stars, having a misty cloud 
like appearance, extending itself across the sky like part of a great 


circle. It is thicker in the middle and thins out at the edges (Fig. 
$19)... The diameter of the milky way is about 100,000 light years> 
The sun which belongs to this galaxy is situated in its central plane 
at a distance of about 27 000 light years from the centre. The thick- 
ness of thie disc is about 5000 light years at .the centre and about 
1000 light years near the sun and diminishes as we reach the edges. 
When seen through a: telescope, it ig found to consist of billions of 
“ stars that give it a cloudy appearances. 


The sunis one of about 150 billion stars in the Milkway. 
All the stars revolve about the centre. The sun moving’at a speed 
of 250:km/s' revolves about the centre of the galaxy in about 220 
million years. The Milkyway is not unformly bright everywhere. 
Most of the visible stars lie in the plane of the flat circular disc. 
When one looks in a direction at Tight angles to the plane of the 
Milkyway, the sky appears much darker because of thin distribu- 
tion of stars as compared to that in the central plane of the Milky- 
way. 

Interstellar matter. The space u.ween the stars in the 
Milkyway is filled with dust clouds, spread more: or less evenly.-- 
The dust obstructs the light of the stars. behind them. Sometimes, 

dust gets illuminated by a hot star and begins to shine as a 
Tesult of the light it reflects, 3iving rise to a bright nebula like 
Orion nebula. Hydrogen is the most abundant of all the elements 
filling the intersteller space in our galaxy. : 


‘ey galactic clusters and globular ‘clusters. 
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Roa pea Recent studies have revealed that the disc of 
vax eat ne structure. Normally our view of the Milky- 
on arae pehcie the interstellar dust clouds. But radio waves 
the geecse re through dust clouds have been used to study 
spleen ye The central part of our galaxy is a huge 
fr rabelat 1200 I * : by soiral arms. The total width of spiral arms 
by about 500 light —. and they are. separated from each other 


Fig. 8.20 (Stars and Galaxies) 


86 CLASSIFICATION OF GALAXIES 
(1) Normal galaxies :—A galaxy is a large band of stars, gas 


1d together by gravitational forces. The galaxi ! 
been photographed and identified by powerful jaliserch pen: ones 
properties of normal galaxies are mentioned below ; 4 
(i) A galaxy: is a band of billions of stars, travelling té 
through the vast expanse of the universe. ht 
‘” (ii) The size of zach galaxy is tremendous. For’e 
galaxy (Milkyway) to which our solar system Pitinagpigr bone 
100.000 light years in diameter and about 5 900 light ‘years thick. : 
(iii) Ail the galaxies can be divided into thtee groups’ as 
regards their. shape. Most common of them consist of central 
spheroid surrounded by spiral arms and they are called spiral 
galaxies. Other show elliptical discs. on photographs and are called 
elliptical galaxies. A small-per cent have no-regular shape and are 


called irregular galaxies. 
iv)’ They are very! bright near the centre but’ gradually get 


and dust he 


( 3 
_ dim-towards: the edges. 
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(vy) Normal galaxies emit a comparatively small amount of 


tadio radiation as compared to the total radiation emitted. 


(2) Radio galaxies— These are the galaxies which emit 
_ million times more radio radiation compared to normal galaxies. 
The radio radiation does not come from the galaxy itself. Thie 
Tadiation is found to originate from two large regions situated 
symmetrically on either side of the galaxy. According to-one belief, 
a great explosion occurred in the central galaxy which ejected two 
clouds of charged particles on opposite sides. 


87 QUASARS AND PULSARS. 
Quasars stands for quasi-stellar radio source and is another 


powerful source of radio radiation. The quasars are found 
to be receding with a velocity equal to 90 per cent of the 
velocity of light. The ‘most distant quasars have been located 
by Doppler shift method at a distance of about five to ten billion 
light years from the solar system. They are the farthest objects 
discovered. The cause of the tremendous energy outout: of quasars 
is still not known. 


; They appear optically as faint point images. About 150 
. quasars are known. Some quasars exhibit red shifts that are much 
larger than normal. Some scientists have interpreted such an 
unusually large red shift as being due to gravitational effects i.e. 
light will lose energy as it passes through the gravitational field 
which results in a2 change in waveleagth towards the red or longer 
wavelength. Quasars may, in fact, be very massive bodies ina 
state of gravitational collapse. A very massive abject emits radia- 
tion as the collapse begins, this continues until “the body collapsing 
on itself.becomes so dense, the resulting gravitational field is large 
enough to keep all radiation from escaping, from the massive body. 
When this occurs, the object will emit no electromagnetic radiation, 
can be observed only by its gravitational field. Do not confuse ¢ 
black body with a black hole. A black body absorbs all the radiation 
striking it, but it also emits radiation. A black‘hole absorbs all the 
tadiation striking it, but it radiates noting. Neither matter nor radi- 
ation can escape from it. A black hole cannot be approximated by 
anything from familiar experience. Perhaps w< can gain some idea 
of the position ‘of black holes ou the scale of size by considering 
the sun or stars of the same mass as the ;un, At present the sun 
has a radius of about 7x 105 km. But if the mass of the sun formed 
a black hole, the radius would be 3 km. ifearth were compressed 
until it formed a black hole, it would have a radius of 9mm! 
Even the mass of Mount Everest can fit into a hole not wider than 
-the head of a needle. 


Our only hope of Tecognizing black holes, if they exist, seems 
to be to find binary systems in which one member has collapsed to 
a black hole or to find certain x-ray sources—particularly known 
as Cygnus _X-1,. which has closely black hole like character. 
It is theoretically suggested that black holes may serve something 
like entrances to tunnels connecting our space with adjacent spaces 
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in the Universe. In our space matter falls into black: holes while‘in 
another Space it is absorbed in WHITE HOLES”. : 

. Another rather recent groups of objects observed by their 
emitted radio waves is the so-called PULSAR. A pulsar is a source 
of radio _waves that varies in intensity at regular intervals. At the 
present time the origion of pulsars is thought to be a neutron star. 
The neutron is the neutrai particle of mass about the same as a 
proton. A neutron star is pictured as an immensely dense object 
made of neutrons, The pulsating radio emmission presumably is 
produced by the rotation of such a star. The neutron star is 
supe to result from the burn out or last stage of an ordinary 
star. 

Scientists continue to discover different objects in the universe— 
for example, the Quasar type object discovered in 1972. Five objects 
were observed-which had rapié variation in output of radio, infrared, 
and visible radiation. Thest objects have been described as compact 
extragalactic non-thermal sources. These Quasi-Quasars differ from 
Quasars in several ways. First the radio singals come from the core 
tather than from throughout the.core and surrounding gas core, as 
is the case with Quasars. The light and radio waves are polarized; that 
is, there is a particular orientation of the electromagnetic waves: 
These newly. observed objects have no characteristic spectra, which 
makes them unique among objects observed in the universe. Because 
no cheracteristic line spectra are Observed, no red shift can be deter- 
mined and consequently the distance of these rather dim objects is 
unknown. 

A deeper understatiding.of the nature of Quasar, Black Holes; 
Pulsars and Quasi-Quasars may Qe helpful in determining the size 
and shape of the universe. ; 

8.8 COSMOLOGICAL THEORIES OF THE UNIVERSE, 

The most striking feature of the universe is its expansion, 
There are millions of galaxies in the usiverse. When the gala- 
xies are observed through a spectrograph, the light from all of them 
is found tc shift towards the longer wavelength or the red end.of the 
spectrum which is also termed as red shift. It indicates that all the 

alaxles are receding away from.us. Further, the speed of recession 
Fincscaies proportionately with their distance Ry ie. VaR orV=HR 
where H is called Aubble’s constant and the relation is- known as the 
Velocity Distance Law or Hubble’s Law. : 

If we divide the distaace of any galaxy by its velocity; of rece- 
ssion, we get the same number for all galaxies. This number is a 
time. According to the most recent work its value is about 10 000 
million years and represents the characteristic time of the universe, 
called the age of the universe. The Hubble’s Constant, H can be ex- 


pressed as 


1 : 
a aa a a 
a= age of the universe (10 000 tmaillion years) 
This relation helps us to determine the distance of distant 
galaxies and quasars. The recession of galaxies shows-as if the entire 
universe were expanding from some central point. Based on this idea 
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‘of expanding universe, three main theories have been put forward to 
account for the origin and evolution of the universe., 


(a) THE BIG BANG THEORY : 


Astronomers looking into space have noticed that on the large 
scale things look about the same in all directions that is, ignoring the 
Presence of local effects such as our being in the plane of a Particular 
galaxy and thus seeing a Milky Way across the Sky, the universe has 
no direction that is special. Further it seems that there is. no change 
with distance either, xcept insofar as time and distance are linked: 
This notion has been codified as the Cosmolozical Principle. The 

“universe is homogeneous and isotropic throughout the space, The 

_ assumption of homogeneity says that the distribution of matter does 
not vary with distance from the Sun, and the assumption of isotropy 
aks that it is about the same no matter in which direction one \ 
looks, 


A set of theories of the universe known as big bang theories 

- Satisfies the cosinological Principle. Basically, these cosmologies say 

that once upon a time there was a great bing bang that began the 

universe. From that moment on, the universe expanded, and as the 
galaxies formed they shared in the expansion. 


Many ask whether the fact that there was a big bang means that 
there was a centre of the universe from which everything expanded. 
The. answer is no; first of all, the big-bang may have been the crea- 
tion of space itself. Furthermore, the matter of this primordial cosmic 
eee was everywhere at once, There may’ be an infinite amount of 
matter in the universe, so it is possible that at the big bang an infinite 
amount of matter was compressed to an infinite density while taking 
up all space. 


What was present before the big bang ? Versions of the big 
bang theory have been put forward to deal with this questions, but 
there is n0 real way to answer it. For one thing, we can say that time 
began at the big bang and that it is meaningless to talk about 
“before” the big bang because time did not exist. We do not now 
think that the universe can remain in & static condition, so it seems 
unlikely that the universe was always just Sitting there in an infinitely 
compressed state, whatever “‘always” means, Of course, these possibili- 
ties do not answer the question of why the big bang happened. 


If we consider Hubble's Law with Hubble’s constant as the same 
foe local and distant galaxies, we can extrapolate backward in time. 
Ve simply calculate when the big bang would have had to take place 
for the universe to have reached its current state at its current rate of 
expansion. This calculation indicates that the universe is some where 
between 13 billion and 20 billion years old. According to Hubble's 
Law, the Velocity of recession of a galaxy becomes equal to the 
Velocity of light at a distance equal tc 20 billion light years, No light 
from a galaxy at this distance would ever Teach us so that this dis- 
tance beconies the' boundary ofobservable universe, 
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(b) THE OSCILLATING THEORY i 

Another possibility is that there had’ been a prior big bang and 
then a recoJlapse due to gravitational pull and that this most recent 
big bang was one in an infinite series of bangs. This version of the 
big bang) is called the oscillating universe. It solves some questions, 
for if the universe is oscillating then we know that there are other 
cycles before the more recent big bang. However, the oscillating 
universe theory does not really tell us anything about a real origin 
of the universe because in this case there was no origin. rf 

Ageording to this theory the calculation indicates that the 
expansion and contraction repeats itself after every 8 billion years, 
Thus this theory suggests a universe with an outer boundary which 
moves in and out at regular intervals. 


(c) THE STEADY STATE THEORY : 

The cosmological principle, that the universe is homogeneous 
and isotropic, is very general in scope, but starting in the late 1940's 
three British Scientists began investigating a principle that iseven 
more general. Hermann Bondi, Thomas Gold and Fred Hoyle consi- 
dered what they- called the perfect cosmological principle, that the 
universe is not only homogeneous and isotropic in space but also 
unchanging in time. 

The theory that follows from the perfect cosmological principle 
is called the steady state theory. It has certain philosophical diffe- 
rences from the big bang cosmologies. For one thing, according to 
the Steady State Theory, the universe never had a beginning and will 
never have an end. It always looked just about the way it does now 
and always will look that way. Some scientists are glad to see the 
question of what happened before the big bang or the need for 
finding a cause for the big bang, eliminated in the Steady State 
Theory. 

Bot the steady state theory must be squared with the one major 
fact. that we know about cosmology, that the universe is expanding. 
How cah the universe expand continually but not change in its over- 
all appearance ? Remember that in the basic formulation of the 
theory we consider the matter to be smoothed out t »roughout all 
space to an average density. If follows that for the density to remain 
constant: new matter must be created at the same tate that the 
expansion ‘would decrease the density. Thus the density remains the 
same. Now the matter that is created in the steady state theory is not 
simply matter that is being conyerted from energy according to 
Einstein’s famous formula, E=mc’. No, this is matter that is appear- 
ing out of nothing and is thus equivalent to energy appearing out of 
nothing. 

Many scientists objected very strenuously to the idea that matter 
could appear out of nothing. After all the law of conservation of 
matter and energy seems very basic. Nevertheless, since we know the 
tate at which the universe is expanding we can calculate how much 
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new matter would have to be created. it works out toxbe only one 
hydrogen atom per cubic centimeter of space every 10° years. This 
. ig the rate necessary to maintain the overall value observed for the 
density of matter in space. This value is far too small for us to be 
“able to measure on earth. No one knows, of course, in what form the 
‘matter would appear. It could appear uuiformly distributed through- 
out space or perhaps it could preferentially appear in places where 

_ there was no matter already. 


For many years a debate raged between proponents of the big 
bang theories and proponents of the steady state theory. The evidence 
that came-in consistently seemed to favour big bang cosmologies over 
the steady state theory. Since the time of the discovery of quasars, 
many astronomers have felt that the distribution of quasars— 
all far away from us in space, which corresponds to their having been 
More numerous at an earlier time is strong evidence against the 

“steady state cosmology. Still stronger evidence against the steady state 
theory is the discovery in 1965 of the primordial background 
radiation (3K radiation) that is most readily explained as a remnant 
of the big bang itself. 


SUMMARY 


1. Astronomy is an observational science ratner than an experimental science. 

2, he link between distant sturs and the carth is the electromagnetic radiations 
Our atmosphere blocks these radiations everywhere except in the visible and 
radio region, ‘ . 

3, The astronomers collect light through-telescopes and analyse the light so 
collected” by a spectrograph. Radio telescopes are used co see very distant 
and faint objects, 

4, The solar system as now known consists of the sun at the centre, 9 planets 
(including the earth), large bodies that revolve around the sun. 

2000+asteroids, smaller bodies that revolve around the sun, with orbits 
mostly between those of Mars and Jupiter. 
32 natural satellites, bodies that revol ve around planets. 
Several hundred comets, bodies of huge volume and small mass that 
trave) in elliptical orbits about the sun, 


Millions of meteors, small particles that plunge into the earth’s atmos- 


ee daily and a few large objects called met es that reach the earth- 
surface, 


‘The average distance between the sun and the earth is called ‘onomi 
Unit (AU) TA U =1.496x 104m. eee repaceical 


6. The odjects in the solar system are not far and their distances can be obtai- 
ned easily by the method of tiiangulation. Mass of a planet having a satellite 
is easily determined from the knowledge of the orbit of the satellite. The 
composition of the atmosphere and the surface temperature is obtained 
from the careful study of the spectrum of the self-radiation of the Planet. 

Y. The sun is a typical star. It is one of about 100 billion stars i i 
Way, which occupies about a trillionth of known space. ihe wae 
made up of perhaps 10 billion similar galaxies whi 


h : 
te at least about 5 billion light years in all directions and, peobate beyond, 
8 feos i He a unit of distance and not a unit of time, One light year = 


9. Galaxies are grouped as spiral, elliptical and irregular. Most galaxies are of 
Spiral type as is our own galaxy. In addition to about 100 billion stars the 


Milky Way coutains much interestellar nd } ‘ 
bright and dark nebulae. ae ee ae ae 


5 
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10, Stars have been classified according to their spectra. The hotter stars give 
more light at the blue end of the spectram. Siars vary in temperature and 
brightness. A star that suddenly becomes much brighter is called a nova, 
A star that appears to the unaided eye as one star may be multiple. Many 
stars are multiples (Binary system). 

11. Cosmology may be thought of as the theory of the origin, structure, and 
development of the universe as a whole. The models for rival theories 
of cosmology are basically either evolutionary or steady state., “ 

12, There is some evidence based on Doppler effect that we live in an'expanding 
universe. This evidence led to the explosion theory. . 

13. Quasars are celestial sources which radiate energy intensely in the form of 
radio waves and also in the optical region ofthe spectrum. About 150 are 
known. A deeper understanding of Quasars may be useful in determining 
the size and shape of the universe. 

14. A Pulsar is a_source of radio waves that varies in intensity at regular 
intervals, It is believed to be a rotating, exceedingly dense neutron star. 


15. Itis suggested that the gravitational field around some dense stellar objects 
is so great that eleccromagnetic radiation from it and its vicinity cannot 
escape ; the result is a “black hole” 


QUESTIONS 

]. Whac is astronomy 2? Why do we call it an observational 
science ? 

2. Give a brief description of some of the important constituents 
of the universe. 

(Hint : Solar system ; stars and galaxies) 

3. Describe the various kinds of telescopes used for asuronomical 
observations. Mention the advantages of reflecting type 
telescopes. 

4 What are Radio telescopes 2 What are their advantages over 

optical telescopes ? 

Distinguish between a planet, a moon, and a star. 

6. Distinguish between a comet, a meteor, a meteorite ; an aste- 
roid and a satellite. 
7, Explain briefly how will you determine 
(i) the distance 
(ii) the mass 
(iii) the size 
(iv) period of rotation and 
(v) surface temperature 
of the objects in solar system ? 

_ , How can you ascertain the presence of atmosphere around a 
planet ? How will you study the chemical composition of the 
atmosphere. : 

9, Explain why some bodies in the solar system have atmospheres 
and others do not 7 

10, Discuss the possibility of life on the various planets of the 
‘solar system. : 

11, Mention some of the important physical properties of the sun, 

12. How sun is able to produce its energy ? 


w 
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What are sun spots? Distinguish between flares and Promi- 
nences. 


| The rate at which solar energy strikes the earth, called the 


solar constant is 1°37x108J m?s. How. can that number be 
used to compute the temperature of the sun’s photosphere ? 


. Write short notes on : 


(i) Asteroids. (ii) comets (iii) Meteors 


. Narrate the complete life history of a star. 
. Describe the structure and contents of the Milky Way. 
. Give the properties of normal galaxies and explain how radio 


galaxies and Quasars differ from them ? [A.L.S.S.C. 1986] 


. Briefly discuss the three main cosmological theories of the 


‘universe. 


|. How has the distance to une moon been measured ? 
. What causes the tail of a comet to always point away from 


the sun ? 


. (a) What do you mean by red shift ? 


(b) On what scientific discovery is the steady theory based ? 


. How do astronomers distinguish, in general, between hotter 


stars and cooler stars on the basis of colour ? 


. How red shift is used by some scientists as evidence that 


we live in an expanding universe ? 


. Which one of the rival theories—exp.usion, expansion—con- 


traction, steady state—do you tend to favour? Describe 
that theory, and tell why you think it is the best one ? 


. Define Quasars. Describe them. What do astronomers hope 


to learn by studying them ? 
What is Hertzsprung-Russell diagram (H-R diagram) ? 


. When we see an event such as the explosion of a star, we are 


actually, “looking back into history.” Explain this statement. 


. Describe the ways optical spectra from stars are used to 


* obtain information on the nature of stars and their motion. 


we 
Ss 


ais 


32. 


What is the difference between (i) a red giant'and i 
dwarf (ii) Quasars and Pulsars and (iii) black Thiel ant 
Quasi-Quasars (iv) Neutron)stars and comets 2(De/hi Senior Se. 


‘When astronomers propose a model of how a star. ti 
en astronom r transforms 
during its life-time,.do they base their model on the observa- 
tion of changes occurring in a single star over a period of time 
or on the different type of stars observed in the universe ? 
Explain. | 
Can you think of reasons why we have not observed planets 
moving about some other star besides our sun ? Assume thut 
— bien a would be similar to our solar. system. 
‘reasonable is it for Us to visit such: planet tems in 
the life time of a human ? ee Se | 


— 


33. 


34, 


B58: 


to 


. The total luminosity of th 


. The total luminosity of the 
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(a) Write down some reasons to justify the expensive astro- 
nomical work such as an orbiting space observatory. 


(6) Which would appear more important to you, further 
observation of stars, galaxies, pulsars and similar objects 
or visiting Mars or Jupiter ? Discuss. 


Explain briefly how would you determine 
(i) the distance (ii) size (iii) surface temperature (iv) mass 
(v) magnitude (vi) Absolute brightness, of a star ? 
Distinguish between a white dwarf, a neutron star and a black 
hole. [A.LS.S.C. 1986] 
PROBLEMS 
The eyelens has a mean aperture of 75 mm, A distant star is 
viewed through a telescope of aperture -75m. How much 
brighter the star will appear through a telescope in comparison 


to the naked eye ? 
(10,000) 


. A distant star is viewed with a telescope of aperture 0°1 m. 


Now, it is viewed with a telescope of aperture 0°4m. How 

much fainter will the star appear in the first telescope in com- 

parison to the second telescope ? : 
(+8) 


_ The angular radius of the sun is 16. Find the radius of the 


s i in metres, 
sun (a) in AU and (a) A AAU 6) 6562x108 oH 


_ The period of revolution of Phobos around Mars is 0'319 days 


and its mean distance from the Mars is 9 519 x 108m. Calcu- 

late the mass of Mars (a) in units of earth’s mass (b) in kg. 

G=6-668 x 10-11 Nm2 kg-®. Distance of earth from Mars is 
10 

yee (Mass of carth=5'977 x 1024 kg) 

[(a) 0°112 M (Earth) 

t (b) 6733 x 102% kg] 


. Calculate the surface temperature of the sun, if the total energy 


radiated per sec per unit area is 641x107 watts m?, Stefan’s 


constant =5'669 x 10-8 SI units. (5800 K) 


e sun is 3°9X 1026 watts. The mean 
distance of the sun from the earth is 1°496 1011 m. Calculate 
the value of the solar constant. (4-388 108 watta 072) 


sun is 39106 watts. The mean 


iter i ate the 
distance of the sun from the nies aah ie diene 


value of solar constant on Jupiter. (51-03 watts m2) 


10. 


11. 


12. 


3, 


14. 


15. 


16. 


8.60 


. The two components of a binary star system have a period of 


50 years. The separation between them is 4-5”. The distance 
of the binary is 10 light years. Calculate the sum of the masses 
of the two stars in solar units. 

; [1:051 M (sun)} 


. A satellite of Jupiter has a period of 1°77 days and orbital 


radius of 4:22x108 m. Find the mass of the Jupiter. 
(G=6'668 x 10-1! Ni? kg-2). 
i (1904 x 1027 kg) 


A radar signal is sent towards Mars from the earth and its echo 
‘ig received 6 minutes and 40 seconds later. How far is Mars 
from the earth at this time ? : 
(6x 1010 my 
The mass of the moon is 7-342Xx10% kg and jts radius is 
1'738 x 106 m. Calculate the mean density and acceleration 
due to gravity at its surface. What shall be the weight of a 
Man on the moon if he weighs 72 kg on the earth ? 
(3°34x 108 kg m™8: 1-62 ms~®, 12 kg) 
The average diameter of the eye pupil in night is 7mm. How 
much fainter stars can be seen through a telescope of 50 cm 
diameter as compared to the faintest naked eye stars ? 
(5,100) 
The moon subtends an angle of 57’ at the base line equal to 
the radius of the earth. Compute the distance. Given that 
radius of the earth=6:378 x 106 m. 
y (3'844 x 108 m) 


Calculate the mass of the sun, given that the distance between 
the sim and the earth is 1°49x108km and G=6:66 x 10-13 SI 
units. Tne the year to consist of 365 days. 

(1°972 x 1089 kg) 


The period of a double star system (Binary system) is 40 years 
and the semi-major axis of the orbit of the fainter star about 
the brighter is 22 AU. Calculate the sum of the masses'of the 
two Stars. 

(6°65 solar masses) 


The distance of Phobos from Mars is 9°519X108m. The mass 
of the Mars is 67231023 kg. Calculate’ the time period of 
revolution of the satellite around the planet. Neglect the mars 
of Phobos. (G=6'66x 10-1 SI units), 


(0'319 day) 


. The distance of the Phobos is 25’ as observed from the earth. 


The distance of Mars from the earth is 0°524'AU. Calculate 
the distance of Phobos from Mars in AU and in metres. 


(6351 10-5 AU; 9:519x 108 m) 


APPENDIX—A 


MATHEMATICAL NOTES 


Oe ane mathematical background in differentiation and integra- 
tion that is necessary for your understanding of discussions in 
most units of this book is summarized below. 


Differential Calculus 


__ Differential calculus deals with the way in which one quantit 
Mea with the other, on which it depends, and such other allied 
‘opics. 


___ Throughout calculus, we come across two types of quantities, 
viz. (a) Constants—those which retain the same value throughout 
a set of mathematical investigation, e.g. the mass of the body, the 
value of g at a place, the symbol etc. (6) Variables—those which 
take on different values or to which any desired values may be given, 
e.g. the radius ofa circle, the side of a square or a cube, for they 
are not fixed quantities and any values may be given to them. 


A variable which can take every numerical value (or all 
numerical values from one given number to another) is called a 
continuous variable. Thus if a train starts from rest, is observed to 
be moving with speed of 20 km/hr ten minutes later, it must have 
assumed every possible velocity between 0 and 20 km/hr during 
these. ten minutes. Its speéd is, therefore, a continuous variable. 
We are concerned here only with continuous variables. 


Dependent and Independent variables — Functions: If a 
quantity x assumes a set of different values and its value does not 
depend upon that of any other quantity, it is said to be an indepen- 
dent variable. On the other hand, if a quantity y bears a certain 
Telation to x, it is said to be a dependent variable. Thus since the 
area ofa circle depends upon its radius, we say that the area is a 
dependent variable, and the radius, an independent variable 
mathematica'ly speaking, that the area of a circle is a function of 
its radius. Denoting the area of a circle by y, and its radius by 
x, we express the relationship by the. expression. 

yarx? 


@ 


C3) 


Here x is the independent variable, y the dependent variable, 
and’n, a constant. 
Therefore, a variable y.is said to be a function of the variable 
x, wnen its value depends on the values that x assumes. In general 
it is written mathematically as 
y=f (x) 


It must clearly be understood, however, that f(x) does not 
inean f into x, but is only a symbolic way of representing ‘some Sune: 
tion of x’. ; 

We can know the value of f(x), if we know the value of x. 
For example, if f(x) denotes the function, x*-+2x-+3, its value is. 
11, when x==2, and is 3, when x=0, being different for different 
values of x. Similarly, the value of f (x) is Ff (a), if x has the value a, 
and so on, 

Limiting Value of a Function : 

In applications, the situation that usually arises is this. We 
have a variable v, and a given function z of v. The independent 
variable o assumes values such that o-/. We then have to 
examine the values of the dependent variables z, and, in particular, 
determine if z approaches a limit. If there is a constant a such that 
jim z=a, then the relation described is written 


} Lt z=a 
v>l 


read, “the limit or z, as » approaches /, is a’. 
Theorems on Limits : 

In calculating the limiting value of a function, the following 
theorems may be applied. 

Suppose u,v and w are functions of a variable ¥, and suppose 
that 

Lt u=A, Lt v=B, Lt w=C 

x>a xa xa 

Then the following relations hold 

Q) Lt (u+e—w)=A+B—C 

xa 


Q@) Lt (uow)=ABC 


xa 
u ALY 
(3) Lt >= PF iB is not zero 
xa 


Briehy, in words, the limit of an algebraic sum, of a product, or of a 


quotient is equal, respectively, to the same algebraic sum, product, - 


or quotient of the respective limits, provided, in the last named, tha’ 
the limit of the denominator is not zero. eee 


7) 


If C is a constant (independent of x) end B is not zero, then, 
from the above 


Lt (u+c)=A+C, 
xa 


Lt cu=CA, 
xa 


ic Cc 
Ltt —=— 
ae ae B 
Consider some examples. 
Ex. 1 Prove 


Lt (9+4x)=12 
x2 


Solution: The given function is the suth of x* and 4x. We 
first find the limiting values of these two functions. 


Lt x*==4, since x*=x.x 
x>2 


Lt 4x=8 
x->2 


Hence 
Lt (x?-+4x)==448=12 
x2 


Ex, 2 Prove 


Solution : 
Considering the numerator, 


Lt (22—9ie—5 
z>2 


For the denominator, 


Lt (+2)=4 
242 


Hence 


as i) 
Continuous and Discontinuous Functions : 


In Ex 1 of the preceding article, where it was shown that 


Lt (x?+4x)=12, 
x22 : 
we observe that the answer is the value of the function for x=2, 
That is, the limiting value of the function when x approaches 2 as’ 
a iimit is equal to the value of the function for x=2. The function 
is said to be continuous for x=2, The general definition is as follows : 


Definition : 

A function J’ (x) is said to be continuous for x=a if the limiting 
value of the function when x approaches a as limit is the value 
assigned to the function for x=a. In symbols, if 


Lt fw=f(@, 
xa 
then f (x).is continuous for x=2. 
The function is said to be discontinuous for x=a if this condi- 
tion 15 not satisfied - 
Atteution is called to the following two cases of common 
occurrence. 
Case 1. 
As an example illustrating a simple case of a function con- 
tinuous for a particular value of the variable, consider the function 
xt—4 
Salm Fy 


For x=1, f(x)=f (1)=3. Moreover, if x approaches 1 as a limit, 
the function f (x) approaches 3 asa limit. Hence the function is 
continuous for x=1 
Case 2. 3 

The definition of a continuous function asrumes that the fun- 
ction is already defined for x=a. If this is not the case, however, 
it is sometimes possible to assign such a value to the function for 
x=a that the cordition of continuity shall be satisfied. The following 
theorem covers these cases, 


Theorem ; 
If f(x) is not defined for x=a, and 
if Lt f(x)=B, 
xa 
thes f(x) will te continuous for x=a if Bis xssumeu as the value of 


fOxfer xa, 


- 


(} 


Thus, the function 
x*—4 
x—2 
is not defined for x=2 (since then there would be division by zero), 
But for every other value of x, 


x—4 
Fa ea 
and Lt (x+2)=4; fe 
x#2 
Lt x4. 
therefore fas) Or peed 


Although the function 1s not defined for x=2, if we arbitrarily assign 
to it the value 4 for x=2, it becomes continuous for this value. 


A function f(x) is said to be continuous in an interval i 
is continuous for all values of x in this interval, oe eee 


Tnfiaity (cc) : 

If the numerical value of a variable v ultimately becomes and 
remains greater than apy preassigned positive number, however large, 
we say v becomes infinite. If y takes on only positive values, it 
becomes positively infinitive; if negative value only, it becomes nega- 
tively infinitive. 

Ltvec, Ltv=+a, Ltve—o 
_ The notation Ltv =<, or —>-cc, must be read “y became 
infinite”, and not “v approaches infinity” 

We may now write, for example, 

Le. 
_—_— = 
x70 x 


meaning that a becomes infinite when x approaches zero, 
It appears that if Le f@=<, 
xa 


that is if f (x) becomes infinite as x approaches a as a limit, then feo 
is discontinuous for x=a. 
A function may have a limiting value when the independent 
variable becomes infinite. For example, 
He eos 
x7 x 
P I 


(vi) 
And, in general, if f (x) approaches the constant value A as a limit 
when x->&, we write 
¢ Lt f(x)=A 
x-A 


Certain spczial limits occur frequently. These are givea below. The 
‘constant C is not zero. 


Lt Cc Lt o=c 
(1) tas: ere 2) pve 
Lt 
(3) Ae Pome (4) Vo <_=9 
Lt Sin @_ 
6) @—0 6 a 
Li 1\ 
© Be (+ty-- 


If u and v are functions of x, and if 
Lt wu=A, Lt v=0 


xa x<+a 
and if A is not xero, then 
Lt L Peal 
xa ah 
DIFFERENTIATION : 


Increments. The increment of a variable in changing from one 
numerical value to another is the difference found by subtracting the 
first value from the secoad. An increment of x is denoted by the 
symbol /\x, read ‘‘delta x”’. The student is warned against reading 
this symbol “‘delta time x’’. 


Evidently this increment may be either positive or negative 
aphiated as the variable in changing increases or decreases. Simi- 
arly, 


A y denotes and increment of y, 
A ¢ denotes an increment of ¢, 
A\ fF () denotes an increment of f (x) etc. 


Tf in y=f (x) the independant variable x takes on an increment 
Ax, then Ay will denote the corresponding increment of the function 
J (x) (or dependent variable y). 


..., The increment Ay is always to be. reckoned from the definite 
initial value of y corresponding to the arbitrarily fixed initial value of 
x from which the increment (\x is reckoned. For instance consider 
the function 


yrext 


eS 


vii) 


Assuming x=10 for the initial value of x fixes y= 100 as the initial 
value of y. 
Suppose x increases to x=12, that is, Ax=2; th i 
to y= 144, and Ay=44 ; then y increases 
Suppose x decreases to x=9, that is, Ax=—1,t 
to y=81, and Ay=—19. z Be pegs 
In the above example, y increases when x increases andy 
decreases when x increases. The corresponding values of Ax and Ay 
have like signs. It may happen that y decreases as x increases, or the 
reverse; in either case AX and Ay will then have opposite signs. 


Comparison of Increments : 


Consider the function 
y=? (1) 
Assuming a fixed initial value for x, let x take on an increment Ax. 
Then y will take on a corresponding increment Ay and we have 
yt Ay=O+Ax! 


Or yt Ayaxt+2x.Ax+(Ax? (2) 
Subtracting (1) from (2), we have 
Ay=2x.Ax+(Ax)? (3) 


We get the merement Ay in terms of x and Ax. 

To find the ratio of the increments, divide both members of 
(3) by Ax, giving 
AY Lax ax. 
Ax 


ir the initial value of x is 4, it is evident that 


Lt PE. 
Ax>0 Ax 


ote the behaviour of the ratio of the increments of 


Let us carefully 0 out 
ment of x diminishes. 


x and y as the incre! 


ee 
Initial | New | Increment | initial | New Value | Increment ay. 
gegen | se |e | 

4 Mee oanoe 16 | 25 9 9 

4 4.8. 0.8 16; 23.04 7.04 8.8 

4 4.6 0.6 16 21.16 5.16 8.6 

4 44 0.4 | 16 19.36 3.36 8.4 

4 42, 0.2 16 17.64 1,64 82 

4 41 0.1 “16 16.81 0.81 8.1 

4 4.01| 0.01 16 16.0801 | 0.0801 8.01 


(viii) 


It is apparent that as /A\x decreases, Ay also diminishes, but 
their ratio takes on the successive values 9, 8.8, 8.6, 8.4, 8.2, 8.1, 


Ay 

Ax 

near to 8 as we please by making Ax sufficiently small. 
Therefore 


8.01, illustrating the fact that the value of can be brought as 


ae AY a 
Ax70 Ax 


Derivative of a fanction of one Variable : 


The fundamental definition of the differential calculus is as 
follows : 


: The derivative (or differential coefficient) of a tunction is the 
limit of the ratio of the increment of the function to the increment 
of the independent variable, when the latter increment varies and 
approaches zero as a limit. 


When the limit of this ratio exists, the function is said to be 
differentiable, or to possess a derivative. 


The above definition may be given in a more compact form 
symbolically as follows. Given the function 


y=f (x) + (4) 
and consider x tu nave a fixed value. 


Let x take on an increment /\ x ; then the function y takes on 
an increment Ay, the new value of the function being 


y+ Ay=f (x+ Ax)...(il) 
To find the increment of the fungtion, subtract (7) from (ii), giving 


Ay=f (x+Ax)—f (x)..,(iil) 
ae both members of (iii) by the increment of the variable. 
% 
AY _LG+ h9-$9 |) 
Ax Ax 


_ The limit of the right-hand member when Ax->o is, from the 
definition, the derivative of f(x), or by (i), of y and is denoted by 
the symbol 2. Therefore 

HH ut ferAvd—se. 
dx Ax+o - cay Ba as 
Gefines the ‘erivative of y [or #(x)] with respect to x. 


(ix) 
From (iv) we get also 
dy Lt AY 
dx Axo Ax 
Similarly, if u is a function of 7, then 
MES ST a 
Be AtrOAD lerivative of u with respect to ?- 
The process of finding the derivative’ of ion i i - 
bers ing ivative of a function is called differen 
Symbols for Derivatives : 
Since Ay and Ax are always finite and have definite values, 


the expression 


AY 

Ax 
is really a fraction, The symbol 

dy 


dx 


however, is to be regarded not as a fraction but as the limiting value 
of a fraction. It is to be considered as a whole. 

Since the derivative of a function of x is in general also 4 func- 
tion of x, the symbol f (x) is also used to denote the derivative of 


S (x). Hence if 
i y=f (») 
We may write 
dy 
a if '(x), 
“the drivative of y with respect to x equals f prime of 
when considered by itself is called the differen- 
on written after it is to 


which is read 
x”. The symbol a 
tiating operator, and indicates that any functi 
be differentiated with respect to x. Thus, 
# or # y indicates the derivative of y with respect 

fo x. a 
ae (2x?+5) indicates the derivative of 22+5 with 
respect to x, 

y is an abbreviated rorm of me 

If, then, y=f (x) 
we may write the identities 


y= zs -ty -Afwrs (x) 


) 


‘General Rule for Differentiation : 


First Step. 
In the function replace x by x-+ Ax, and calculate the new value 
Of the function, y+Ajy, 
Second Step :. 
g Subtract the given value of the function from. the new value 
and thus find A y (increment of the function). 
Third Step : 
Divide the Ttemainder Ay (the increment of the function) by 
_ Ax (the increment of the-independent variable). 
Fourth Step : 


Find the limit of this Quotient when A\x (the increment of the 


independent Variable) varies and approaches zero as a limit. This is 
the derivative required. 


This is called Four-step Rule. The student should become 
thoroughly familiar with this rule. 


Example 1: 
Differentiate 3x2+-5 
Solution: 
Let y=3x?+5 
First step 
Yt DAy=3(x+ Ax}P?+5 
=3x?+ 6x. Ax+3(Ax)?+5 
Second Step 
OF DI) —y=3x°+ 6x A x43(Ax)?-+5—(3x24-5) 
or Ay=6x.Ax+3(Ax)* 
Third Step 
; ay 
Ax Toxt3hx 
Fourth Step 
; dy Ay 
eo t= Lt (6x+3Ax) 
dx Ax20 AX Ax-0 
=6x 
Therefore, 


Von ai ye 
Vo Re 7 ae OP+ = bx 


(xi) 
(nterpretation of the derivative by geometry. 


Fig (1) 


We shall now consider a theorem which is fundamental in all 
applications of the differentiation calculus of geometry. It is nece- 
ssary to recall the definition of the tangent line to a curve at a point 
P on the curve [Fig. (1)]. Let a secant be drawn through P and a 
neighbouring point Q on the curve. Let Q move along the curve and 
approach P indefinitely. Then the secant will revolve about P, and 
its limiting position is the tangent line at P. Let 

y=f (x) @) 

be the equation of a curve AB. This-curve is the graph of f' (x). 

Now differentiate (1) by the General Rule and interpret each 
step geometrically from the figure (1). We choose a point P(x,y) on 
the curve and a second point Q(x+ Ax, y+ Ay) near P, also on the 
curve. 


First step } 
ytAy=f (x+Ax=NQ 
Second step 
(y+ Ay)—y=f (x+Ax)—f (%)=NQ—MP 
=NQ—NR 
=RQ 
Or Ay=f (x+Ax)—-f @)=RQ 
Third step 


Ay _ f&+Ax)-F@) _ RQ _ RQ 

Ax Ax MN” PR_ 
=tan ZRPQ=tan ¢ 
=Slope of Secant line PQ. 


(xii) 


At this point, therefore, we see that the ratio of the increments 
Ay and Ax equals the slope of the secant line drawn through the 
points P (x,y) and Q (x+-Ax, y+A,y) on the graph of f (x). 


Let us examine the geometric meaning of the Fourth Step. The 
value of x is now regarded as fixed. Hence P is a fixed point on the 
Staph. Also, Ax is to vary and approach zero as a ‘limit. Obviously, 
therefore, the point Q is to move along the curve and approach P as a 
limiting position. The secant line drawn through P and Q will then 
turn about P and approach the tangent line at P as its limiting 
position. In this figure, 


¢=inclination of the Secant line PQ, 
a=inclination of the tangent line PT. 


Then Lt $= 
Ax>0 
Assuming that tan¢ is a continuous function, we have, 
fore, 
Fourth step : \ wus (j= Lt tand=tan« 
oe Ax>0 


’ =Slope of the tangent line 
at P, 


Thus we have derived the important theorem. 
Theorem. The value of the derivative ui anv point of curve is 
equal to the slope of the tangent line to the curve at shiek peti. 


Example. Find the slopes of the tangents to the- bo! 
y= x * at the vertex and at the polit where part Se gai 


Solution. Differentiating by the General Rule, we get. 


d 
7A =2x=slope of tangent line at any point (x, y) on 


(xiii) 


To find slope of tangent at the vertex, substitute x=0, giving. 
dy 


ent) 


Therefore the tangent at the vertex has the slope zero ; that is, 
it is parallel to the x-axis and in this case coincides with it. 


To find the slope of the tangent at the point P, where x=4, 
we have : 
dy 


© ele 


that is. the tangent at the point P makes an angle of 45° with the 
x—axis. 


Some of the important derivatives which are of use in the 
present course are listed below : 


(i) 40 29 where c is a constant quantity. 


w ~@= 

Gi) Zoy=2 

o£ oan 

© £e@r=cLor=2 x 

ow) £ovynu © +v® Wand V are functions of 3) 
wi) Zutw= 242 
wit) £0-y- 2-4 

(ix) (ein x)=008 » 

(x) a (cos x)= —sin x 

(xt) (tan x)=se0%s 


(xii) 4 (cot x)= —cosec?x 


(xiv) 


(xiii) 4 sin (wx-+c)=w cos (wx+-c) 


(xiv) a cos (wx-+c)=—w sin (wx+c) 


1 


(xv) £ (logex)=—— 


1 
(vi) + Woga")=—— loge* 


(oii) < (a")=a* loge* 
(wilt) 2 (ejaer 
xvii ae bad 


Integration, We have seen above that differentiation is the 
process of finding the differential coefficient of a given function. 
The inverse of this process of differentiation is called integration. 
i.e. the purpose of integration is to find the function whose differen- 
‘tial coefficient_is given. 

For example, we know that = (x3)=322, ie. the differential 
coefficient of x3 with respect to xis 3x2. Obviously, the function 


whose derivative is 3x? is x3, 
is x3, 


In other words, the integral of 3x2 
Notati J aa i i 
ion. Just as a (......) is used to denote the differen- 
tial coefficient of a function with respect to x, the symbok “f.,.dy” 
denotes the operation of finding the integral with feapect to - : 
Thus $3x2%dx= x83 
The function to be integrated is called 


| : a 
above example, 3x2 is the integrand and x? is the integrand, In the 


integral. 


Similarly, . as Z (sin x)=cos x, we have 


[oosxax—sin x 
Here cos x is the integrand and sin x js the integral, 
Constant of Integration, We know that < Q342)=3x2 ; 
Also z (x9-+4) = 3x2, Again & @¥+c)=3x2 where cis a cons- 


tant. Thus the differential coefficient of all the above functions is 


| 


( wv ) 


the same and is equal to 3x*. The question naturally arises which 
of these functions should be taken as the integral of 3x%. To 
overcome this difficulty, the integral’ of 3x* is taken as (x*+c) 
where c is an arbitrary constant. (x8+c) is called the indefinite 
integral of 3x®, since c can take any value it likes. In practice, 
however, c is not generally written, though it is always implied, 


Fundamental Formulae. Sincé integration is the reverse of 
differentiation, the following formulae for integration can be easily 
written from our knowledge of different coefficients of certain 
functions. 


() { xan (né—1) 


ifn=—I], [= dx=[% dx=log x 
(2) fax—s 


xr x 
Cs i} ax=[ trax | sxe mx) 


(3) fk ax=logex 
(4) J ordi e® 
6) J adxm 
6 sin x dx=—Cos x 
(7) { cos x dx=sin x ls. oa (sin x,-=cos x ] 


The integral of the sum of a number of functions is equal to 
the sum of the integrals of individual functions. 


Thus | wtr+w) dx=[ w)dx+| () drt J mas 


€.8.5 | (a8+-sin x) dx—[ x dx+( sin x dx= = cos x. 


( xi) 


The Defigite Integral : 
Differential of the area under a curve : 


hig (3) 


Consider the ccnti::uous function ¢ (x), and let 
y=4(x) 


be the equation of the curve AB, Let CD be a fixed and MPa 
variable ordinate, and let zbe the measure of the area CMPD 
When x takes on a smail increment QO*x,u takes on an increment 
Au{=area MNQP). Completing the rectangles MNRP and MNQS, 
we see that Area MNRP<area MNQP<area MNQS, or MP, Ax 
<Au< ANQAx; 

and, dividing by Ax, 


Au 
MP< Ax SQ 
Now let .\x approach zero ‘as a limit : then since MP remains 
fixed and NQ approaches MP as a limit (since y is a continuous 
function of x) we get 
MP 
Friel ), 
Or, Using differentials, © 
duxy dx 
Theorem. The differential of the area bounded by any curve, 
the x-axis, a fixed ordinate, and a variable ordinate is equalto the 
Product of the variable ordinate and the differential of the corres- 
Ponding abscissa, 
The Definite Integra} 


{t follows from the theorem in the fast article that if the 
cnrve AB is the locus of 
y=$ (2), 


then du=y dx 


( x) 
or du=¢ (x) dx ; where du is the differential of the area betwecn 
the curve, the x-axis, and two ordinates, Integrating, we have 
u=f4(x)dx. 

Denote f$(x)dx=f(x)+C 

ov u=f(x)+C 

We determine C by observing that u=0 when x—a. 

Substituting these values, we get 


O=f (2)+C 
and hence C=—f(a) 
Thus u=f(x)—f(a) soll) 


The required area CEFD is the value of u when x=b in (4). 
tlence we have 


| Area CEFD=f(b)—f(a) 


-a-9t€ 
ee 

Fig. (4) 
Theorem : 


The difference of the values of fy dx for x—a and x=b gives 
the area bounded :by the curve whose ordinate is y, the x-axis and 
the ordinates corresponding tox—a andx=6, This difference is 
represented by the symbol 


5 b 
Sy dx orf $ (x) dx; : soe(li) 
a a 


and is read “‘the integral from a to bof ydx”. The operation is 
called integration between limits. a being the lower and 5 the upper 


limit. 
Since 4./) aiways has a definite value, it is called definite 
integral. 3 


b b 
2 fydx=f $ ()=f()—J(a). 
a a 


( xviii) 
We may accordingly define the symbol 
b 5 
S$ (x) dx orf y dx 
@ a 


as the numerical measures of the area bounded by. the curve y= 
(x), the x-axis, and the ordinates of the curve at x=a and x=b, 
Rule: 

First Step ; Integrate the given differential} expression. 


Second Step : Substitute in this indefinite integral first the 
upper limit and then the lower limit for the variable, and. subtract 
the last result from the first. 


Example : 
wv 
Find f sin x dx 
Solution : 


—CO8 x 


wT 
S sing dx= 
0 


0 
=[—(cos *)]—[—(cos 0)) 
Bir Be gedie 


APPENDIX—B 


PHYSICAL CONSTANTS AND 
USEFUL INFORMATION 


Name : Symbol Value and Units 


Speed of Light in vacuum cc 3°00 x 108 ms~! 

Boltzmann’s constant k 1°38 x 10-%3 joule/molecule/K° 
Gravitational constant G 6'67x 10711 newton-m*/kg* 
Avogadro’s number ‘aN 602 x 1088 molecules/gram- 
Planck's constant h 6°63 x 10-% joules/sec re 
Permitivity constant & 8°85 x 10-18 farad/m 
Permeability constant Bo 4m x 10-7 weber/amp. m 


=1'26 x 10-6 henry/m 
—1°60 x 10-9 coulomb 


Electron charge e 
Electron rest mass ™M 911X108 kg 
Proton rest mass My 1°6723 x 10-87 kg 
Neutron rest mass mM, 1°6747 x 10>" kg 
Absolute zero K —273'15°C 
1 atmosphere 1°01 x 105 Nm-* 
Standard Acceleration due g 9°81 m/sec® 
to gravity 
Uniuersal gas constany R 8314 J mole/K° 
Mectsnig! Equivalent of J 4°18 joules/calorie+ 
eat 
One Horse Power 746 ‘watts 
First Bohr Orbit 5:29x 10! m 
(Hydrogen radius) 


Specific charge of electron mi 1°76 x 104 ‘coulomb /kg 


( ax ) 


(x) 


Speed of Sound in ai 
(STP) iia 


Density of air (STP) 

Density of water (4°C) 

Mean radius of earth 

Mean density of earth 

Mass of Earth 

Mean orbital speed of earth 
Electron Volt eV 
Million ciectror Volt MeV 
Atomic mass Unit u 


Escape Velocity of carth 


Tonization Potential for 
atom 


331 ms~? 


1:29 kg m~> 

1:00 x 10° kg m=* 

6°371 x 10° m=6371 km 
5522 kg m=* 

5975 x 10" Kg 

29770 ms~* 

1°6 x 107 J 

1°6 x 10738 J (= 108 eV) 

931 MeV=—1489°6 x 10-78 J 

=1°66053 x 1U-27 kg 

11°16 km s 

—13°6 €V——21'76 x 10-9 J 


THE GREEK ALPHABETS COMMONLY USED 


Fs 
Seager nman- ~~ 


APPENDIX--C 
Beta B 
Delta sor/A 
Zeta c 
Theta r] 
Kappa « 
Mu ry 
xi § 
Rho ° 
Tau ‘ 
Phi ¢ 
Omega . 


S. No. 
1 
2 
3 
4 
A] 
6 
7 
8 
9 


( ait ) 


Permeability 

Inductance 

Electric flux 

Electric flux density 

Electric force (field 
strength) 

Permittivity 

Capacitance 

Specific heat 

Terminal conductivity 


Stress 

Young’s Modulus 
Moment of Inertia 
Momentum 

Angulat Momentum 
Impulse 

Coefficient of Viscosity 
Surface Tension 
Pressure 

Gravitational constant 


Temperature 

Amount of substance 
Intensity of illumination 
Density 

Frequency 


henry/metre 
henry 

coulomb 

coulomb /(metre)® 
volt /metre 


farad/metre 

farad 

joule /k.g/degree kelvin 
joule/metre/second/ 
degree kelvin 


newton/(metre)? 

newton/(metre)? 

kilogram (metre)® 

kilogram metre/second 

kg m? rad/sec 

newton second 

newton second/(metre)® 

Inewton/metre 

newton/(metre)* 

newton (metre)*/ 
(ikilogram)® 

kelvin (K) 

mole 

Candela 

kilogram (metre)? 

hertz (Hz)-or cycles 


Per second (c ps) 


—e 


SS a ee 
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LOGARITHMS 


Pe le ele peslee spree 
Bi iii OF EE 


1818) 1337 | 1875) 


j #903] 193" | r9so} 1987 


43321 4346] 4362 | 4378 4393 
4487 | 4502} 4518 | 4533/4565 
4639 | 4654| 4669 | 4683 | 4098 


VUWM WWUWW VUWES SPREO BAU 


Seaee Drees au 


Wn OO AO OAs wz 


PHU GUNN | OOOS For em 


5453| 545 
3575 


38 45798 


39 | sor: 2 


BSewewo 00005 


ADOWs Wa OHH 


MMSIMEG® momo OO 


( ae ) 


LOGARITHMS 
Peps Te Tepe le [os [es peaecapes 
1 5O || 6990] 6998 | 7007 |7016 | 7024 | 7033| 7042 345/678 
61 17076 7084 | 7993} 7101 | 7110} 7118] 7126 345,678 
62 1/7160} 7168 | 7177 | 7185 | 7193| 7202}7210 3451677 
68 {172.55 17251 17259 17267 17275 | 7284] 7292 345 etal 
58 |:7324 57332 | 734017348 | 7356 |7364 | 7372 | 7 3451607 
8S |: 74041 7412 | 741917427 | 7435 | 744317451 345567 
56 17482} 7499! 7497 17505 |7513]7520|7528 345,567 
5? 1175599 7566/7574 17582 1758917597 | 7604 3451567 
5B 11763417642 | 7649 17657 | 7664 | 76727679 344,567 
59 117709} 7716) 7723 |7731 | 773817745 |7752 344/567} 
60 || 7782] 7789 | 7796 |7803 | 7810| 7318 | 7825 3441556 
61 1)7853 | 7860 | 7868 17875 | 7882 | 7889| 7896 344/566 
62 [7924] 7931 | 7938 |7945 | 7952 | 7959| 7966 334/566 
63 ||7993 | 8000 7 {8014 | Bo2zt | 8028 |8035 3341556 
64 || 8062 | 8069 | $075 |8082 | 8089 | 8096 | Sroz 334)556 
GG || 8129) 8136) 8142 |8149 | 8156 | 8162/8169 3341556 
68 || 8195 | 8202 | 8209 |8215 | 8222 | 8228/8235 334/556 
87 320 8267 8274 S80 8287 ne 8299 334 556 
32 1 | 8338 |8344 | 8351 | 8357 18363 334/45 
69 3388 8335 8401 [8407 | 8414 | 8420] 8426 ailise 
7O |) 8451] 8457 | 8463 |8470| 8476 | $482 |84S8 234/456 
71 48513 185198525 18531 | 853718543 (8549 2341455 
78 118573 | 8579| 8585 | 8593 | 8597 | 8603 2341455 
78 118633} 8639 | 8645 | 8651 | 8657 | 8663 | 8669 a34l4ss 
74 || S692 }8 8704 18710 | 8715| 8722 |8727 2341455 
75 | 8741 | 8756 | 876a | 8768} 8774 | 8779 | 878: 2331455 
90 || 808 | 8854 | 8820] 8825 | 8831 | 38 3 233/455 
‘77 118865 | 8871 | 8376 | 8882 | 8837 | 3893 | 8899 2331445 
78 {18921 | 8927 | 8932 |8938 | 8943 | 8949 8054 233/445 
79 || 8976 | 8982 | 8987 | 8993 9004, 233/445 
80 |) 9031 | 9036 | 9042 9047 | 9053 | 90589063 2331445 
$1 $08 9090 | 9096 19101 | 9106 9112/9117] 9122 | 912819133 233/445 
82 119138} 9143 | 9149| 9154 19159] 9165 |9170] 9175 | 9180l91 2331448 
8 {19191 19196] 9201 | 9206 | gat2 921719242 2331445) 
#4 11023 | 9248 9253 | 9258 | 9263] 9269| 9274 233/448 
85 | 9304] 9309] 9315 | 9320] 9335 233/448 
86 119345 193501 9355 | 9360 9365 | 9370/9375 2331448 
87 119305 | 9400] 9405 | 9410] 9415 | 9420/9425 2231344 
88 119445 194501 9455 19460] 9465 223/364 
89 119494 19499 | 9504 | 9509] 9513195189523 223/344 
GO 11954219547! 9552] 955719: 9566] 9571 233/344 
Bt 19590| 9595 | sco0 | sone  oSa0| sone 9619 223/344 
98 119538 19643 | 9647 | 965219657 | 9661 | 9666 323/344 
88 119685 | 9689 | 9694 | 9699 19703 | 9708/9713 223/346 
on }973% 19736) 974 | 9745 19750] 9754 19759] 9763 283/346 
9777 | 9783/9786 | 9791 19795 | g800 | 9805, 233/944 
98 119823 | 9827 | 9842 | 9836/0841 | 845 |98s0 2231344 
07 [9868 987519077 1 19886 19890 19854 223/344 
98 j19912/9917| 9081 | 9926 933019934 199 923/344 
99 19956 | 9961 | 9965 19959 |9974 | 997: 3 223/336 
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1002 1005 | 1007 oorfri11i222 
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ANTILOGARITHMS 


SO 13162 | 3170) 3177 | 3184 tal34 4) 5697 
“BL 3236 | 3243] 3251 | 3258 12213 4 5/56 7 
“2 3.311 | 3219] 3327 13335 122/34 S| 567 
*BB 1/3388 [ 3396) 3404 | 3312 12213 4 316647 
Se [54 | 3475 | 3483 | 3498 122/13 4 5/667 
H3ss8 3565 | 3573, 12213 4 5/67 

ie 3oe8| se 123134 169 8 
3733|3741 12313 4 slog 8 

Sty] 3k28 123/44 5/67 8 

3908) 3917 123/45 5/67 8 

3999 | 4009 123/4 § 6167 8 

a aroe ice 123/45 617 8 9 

esis 123/45 617 8 9 

6) 4285 | 4205 12314 § 617 8 9 

$385 | 4395 123/45 617 Bg 

4487, 4498 123/4 $ 617.8 9 

ay bel Speed 123/4 $ 617 g10 

Abin pree 123/4 5 7/8 910 

4808 4319 123]4 6 7| 8 910 

492014932 5123/5 6 7/8 gto 

$035 | 5047 12415 6 7]'8 om 

poe edb 124/5 6 7/ 8101 

$272 15254 | $297 15309] 5321 | 1241$ © 7] 91011 

$395 | $408} 5420/5455) Saas | 5. 13415 © 8} 910181 

5528 15534 | 554615559] 5572 13415 6 6| oto12 

536} 5649; 5662 S654) $702 1434/5 7 £] 91012 

$708) $781 | 5794 |< 13415 7 81 oxgia 

$902| 5916 | 5929 13415 7 8)iorts2 

9 | 6053 | 067 | 608 134/6 7 Siroxs 23 

6180] 6194 | 6209 134/67 9}iorr13 
0324163396353 134/6 7 9/101213 

pol aha Be 235/6 8 olisassa 

7 [9622 | 6637 16053, 235/68 olstizsg 

6776] 6792 | 6408 2351/6 8 olirtg ig 
6934] 6950 |6966 235|6 810]10 1335] 

7096] 7112/7129 235|7 810] 1223 15 
72617278 |7295 235|7 810/1213 15 

7430] 7447 |7404 23517 otolia1s36 

B |7003| 7624 | 7638} 245]7 911/12 1416 

7780) 7798 {7816 245|7 91%}1314 16 

el eres 246/7 91/1325 19 

147] 8166/8185 2468 git asieat 

98 118318 | 8337/8356! 8375 246/810 12] 14.1817, 
we Hose? [8531] 8551 | 8570 8690] 246] 810 12] 14 16 18 
+94] 8710] 8730/8750) 8770 aa6leioistisie ss 
POS | 8913 |8933/89s4) 8074 $9912 46/810 1211517 19 
08 |]9120 J9141 9162) 9183 246/810 13 ae 19 


+07 11.9333 1935419376] 9307 
‘| 98 9550 [9572 9504 9616 | 9638! 966, 
+99 1.9772 |9795| 9817 | 9840 | 9863 | 9386) 


247/912 13/1517 20 
247/911 13/1618 20 
257/912 14/1618 20 
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APPENDIX E 
FOR UNIT II—MOTION 


Relative Velocity : 


All motion is relative. A traim standing at a station is at rest 
with respect to the earth, but it is in motion relative to the Sun. For 
ordinary purposes, however, we require only to determine the motion 
of a body relative to a second body which is at rest on the surface 
of the earth. Sometimes, however, it is necessary to determine the 
velocity of a body relative to another body which is itself in motion 
ie., its velocity with respect to the second body, or its relative 
velocity with respect to the latter. 


Thus, the relative velocity of a particle A with respect to another 
particle B is the rate at which A changes its position relative to B. 


If A and B are in motion and we impress the same velocity 
on both the particles, their relative motion remains unchanged. 
_ Thus, if two men are swimming it still water (say in a tank) along 

two parallel lines in the same direction, each with a velocity u, their 

relative position is not changed and hence the velocity of one relative 

to the other is zero. Now, if we. suppose that they are swimming 
in a river along the current‘of water moving with a velocity v, even 
then there will be no change io their relative position, though a 
velocity vy is added to both of them. On account of this, while 
finding the velocity of a body relative to another we do not take 
into account the velocity of the earth which is imparted in common 
to all bodies on its surface. 


v A u 
ee 
1 
2 
B 
Pa eet eR GES ines noes tt 
v v 
Fig. (a) 


If the particle A [Fig. (a)] moves with a velocity u in the 
easterly direction and the particle B moves with a velocity v in the 
westerly direction as shown, then to find the velocity of A relative 
to B impress on B as well as on A, a velocity equal and opposite: 
to that of B, that is —v. This will not affect their relative motion. 
The particle B will be reduced to rest while the particle A will: 
possess two velocities y and u in the same direction. Therefore the 


(| xxvii) 


( xxviii)” 


velocity of A relative to B is equal to —u—y= —(u-+¥), taking the 
direction of motion of B as Positive, 


R Pp 


Magnitude and direction. Thus AR represents in magnitude and 
direction, the velocity of A relative to B or jthe relative velocity of 
A, with respect to B, ; 

Thus the following procedure is adopted for determining the 
relative velocity of the body A with respect to another body B when 
both of them are in motion with velocities, say u and y respectively : 


(1) Make B Stationary by impressing a velocity on B which is 
equal and opposite to that of its own ; i.e., impress the 
velocity v on it from the Opposite directio; 


(2) Impress the same velocity (») on A in a direction Opposite to 
that of B. 


(3) ‘A’ now has two velocities (a) a velocity of its own ‘u’ and 

(6) the velocity that we have impressed on it de., v in a 
direction opposite to that of B. The resultant of the two 
Velocities on A i.e., wand » is known as the telative velocity 
of A with respect to B. 


Example :— 


Rain is falling Vertically with a velocity 
man is walking due east at the tate of 2 km/hr. 
the vertical must hé hold his umbrella to 
right angles’? 


of 1 km/hr anda 
At what angle to 
make the rain drops at 


{ 
f 


( “xxix ) 


Solution :— a 
Impress upon both a velocity A 
equal to 2 km/hr due west. This 
would bring the man to rest’ and 
the rain will have two velocities ; : 
a velocity of 1 km/hr downwards, re Ikmf 
represented by AB [Fig. (c)] and a “ 
velocity of 2 km/hr due west ~~ 
represented by BC, so that the C 2 km/hr 
resultant velocity would be ; Fig. (0) 
VQ2+0)? =V5 km/hr along 
AC. So, if the man wants that the drops should fall at right angle: 


on the top of the umbrella, he should incline it at the angle CAB tc 
the vertical. , 


fan CAB= + =2,, 
CAB=tan“! (2) 


